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A B S T R A C T
Honey bees are of tremendous economic and ecologic value due to the important
pollination services they provide to agricultural crops and wild plants. But over the
last decades their number has drastically declined. This has been widely discussed
in the last years and measures were taken to investigate the reasons for this decline.
One aspect in this discussion are the effects plant protection products may have
on the honey bee colonies’ health, which may result in colony declines, especially
in Europe and the US. As an answer to this problem, a new guidance document
on the risk assessment of plant protection products on bees was developed and
published by the European Food Safety Authority. This guidance document high-
lights the importance of detailed knowledge about the exposure of plant protection
products to bees.
This thesis approaches this needs from a modelling point of view. A model
is developed to simulate the distribution of plant protection products within the
colony that are brought into the hive and the exposure of different bee castes and
age classes to this plant protection products within the colony. The model, that
describes the toxicokinetics of the »superorganism« honey bee colony, takes the
colonies’ high dynamic in space and time into account. The toxicokinetically rel-
evant processes are identified and described as a result of a thorough literature
study. The transport and processing of nectar and pollen are identified as the tox-
icokinetically most important routes of exposure. Three submodels are developed,
that are suitable to be connected to an integrative approach towards simulating the
toxicokinetics of plant protection products in the honey bee colony.
The first submodel predicts the transport of potentially contaminated resources
via the chain of worker bees of different age classes. This submodel takes the
toxicity of a plant protection product, to which the honey bees may be exposed,
into account, considering the LD50.
The second submodel predicts the partitioning of plant protection products be-
tween the wax, of which the combs in the nest are build, and the resources, that
may be stored in wax cells, on the basis of the physicochemical properties of the
plant protection products of interest (log KOW).
The third submodel predicts the transfer of plant protection products from in-
gested resources into the jelly, that is produced by certain glands of the worker
bees and that is used as a food for the queen, the larvae, and other adult bees. This
submodel is based on a physiologically based modelling approach.
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The simulation outcomes of these three submodels are discussed and compared
to experimental results from the literature. Finally, the submodels are linked and
the comprehensive model, that is the result of this linkage, is tested, taking espe-
cially developed scenarios into consideration.
The toxicokinetic model for the honey bee colony that is developed in this thesis
(a) takes the (social) ecology and physiology of the honey bee colony into account,
(b) is better validatable than existing modelling approaches towards the toxicoki-
netics of the honey bee colony, and
(c) is potentially linkable to further model approaches that may be necessary to
deliver a scientific evaluation for the exposure in the context of the risk assesss-
ment of plant protection products for honey bee colonies.
Future research is encouraged to carry out experiments for the refinement and the
validation of this toxicokinetic model.
Z U S A M M E N FA S S U N G
Honigbienen sind von großer wirtschaftlicher und ökologischer Bedeutung als Be-
stäuber von Nutz- und Wildpflanzen. Jedoch sind in den letzten Jahrzehnten große
Verluste von Honigbienen verzeichnet worden. Diese Verluste von Honigbienenvöl-
kern wurden auf breiter Ebene diskutiert und es wurden Maßnahmen veranlasst,
diese Verluste zu untersuchen. Ein Aspekt, der in diesen Diskussionen als Ursache
für den Rückgang der Honigbienen erwähnt wird, sind die Effekte, die der Einsatz
von Pflanzenschutzmitteln auf die Gesundheit der Honigbienenvölker haben kön-
nen. Diese Diskussion wird besonders in Europa und den USA ausgetragen. Als
Antwort veröffentlichte die Europäische Behörde für Lebensmittelsicherheit ein
neues Guidance Document zur Durchführung des Risk Assessments von Pflanzen-
schutzmitteln in Bezug auf die Honigbiene. Das Guidance Document betont die
Bedeutung von detailliertem Wissen über die Exposition von Bienen gegenüber
Pflanzenschutzmitteln.
Diese Doktorarbeit nähert sich diesem Problem mit Hilfe eines Modellierungsan-
satzes. Es wurde ein Modell entwickelt, um die Verteilung von Pflanzenschutzmit-
teln, die in das Bienenvolk eingetragen werden, sowie die Exposition der verschie-
denen Bienenkasten und Altersklassen zu simulieren. Das Modell berücksichtigt
zur Beschreibung der Toxikokinetik der Pflanzenschutzmittel im »Superorganis-
mus« des Honigbienenvolks sowohl die zeitliche und räumliche Dynamik. Die
toxikokinetisch relevanten Prozesse werden als Ergebnis einer umfassenden Lite-
raturrecherche identifiziert und beschrieben. Der Transport und die Verarbeitung
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von Nektar und Pollen werden als die toxikokinetisch wichtigsten Expositionsrou-
ten identifiziert. Es werden drei Teilmodelle entwickelt, die zu einem Modell zur
umfassenden Simulation der Verteilung von Pflanzenschutzmitteln in der Honig-
bienenkolonie zusammengeführt werden können.
Ein Teilmodell sagt den Transport potentiell mit Pflanzenschutzmitteln belaste-
ter Ressourcen über die Transportkette der verschiedenen Arbeiterbienenklassen
voraus. Dieses Teilmodell berücksichtig die Toxizität, die ein Pflanzenschutzmittel
in Bezug auf die Honigbienen besitzt, in Form des LD50.
Ein zweites Teilmodell beschreibt die Verteilung eines Pflanzenschutzmittels
zwischen dem Wachs, aus dem die Waben im Nest der Honigbienen gebaut sind,
und eingelagerten Ressourcen auf Basis des log KOW.
Ein drittes Teilmodell simuliert den Transfer von Pflanzenschutzmitteln, die von
der Biene aus Ressourcen aufgenommenen werden, in das Jelly – eine Substanz,
die von Arbeiterbienen in speziellen Drüsen hergestellt wird und mit der die Kö-
nigin, die Brut und andere ausgewachsene Bienen gefüttert werden. Dieses Teil-
modell basiert auf einem PBTK-Modellierungsansatz.
Die Simulationsergebnisse dieser Teilmodelle werden diskutiert und mit experi-
mentellen Daten aus der Literatur verglichen. Die Teilmodelle werden verknüpft
und das aus dieser Verknüpfung resultierende umfassende Toxikokinetik-Modell
wird mit Hilfe eigens entwickelter Szenarien getestet. Das in dieser Doktorarbeit
entwickelte Toxikokinetik-Modell für die Honigbiene
(a) berücksichtigt die (soziale) Ökologie und die Physiologie der Honigbiene,
(b) ist einfacher zu validieren als bereits existierende Modelle zur Beschreibung
der Toxikokinetik von Substanzen im Honigbienenvolk und
(c) ist potentiell verknüpfbar mit weiteren Modellen, die notwendig sind, um eine
wissenschaftliche Beurteilung der Exposition im Risk Assessment von Pflan-
zenschutzmitteln in Bezug auf die Honigbiene zu liefern.
Abschließend soll dazu angeregt werden, dass in zukünftiger Forschung Experi-
mente zur Verbesserung und Validierung des entwickelten Toxikokinetik-Modells
durchgeführt werden.
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I N T R O D U C T I O N

1
I N T R O D U C T I O N
A decline of domesticated and wild pollinators of the family Apidae as well as of
plants that rely on pollination provided by these pollinators has emerged in the
last decades (Potts et al., 2010). Declines of managed honey bee colonies occured
especially in Europe and North America (vanEngelsdorp and Meixner, 2010). This
decline created some stir, as pollination has to be considered as an economically im-
portant ecosystem service, not only for agricultural food production (Gallai et al.,
2009), and the western honey bee (Apis mellifera Linn. (1758)) (Figure 1) is the most
important commercial pollinator species (Genersch, 2010). Recent studies suggest
a risk for pollination in agricultural as well as natural ecosystems services in the
future (Steffan-Dewenter et al., 2005). Honey bees turn to floral sources for their
diet. They consume nectar as an energy source and pollen as a protein source
(Winston, 1987).1 One reason for the importance of the honey bees as pollinators
is their polytropic pollination behaviour. Honey bees visit a wide range of different
flower species. The relationship between pollinating insects and flowering plants
(plant-pollinator interaction) has evolved for the last 90 mio years to 125 mio years
(Labandeira, 2011). Plants as well as the pollinators have adapted over time and
developed diverse structures due to the plant-pollinator interaction in a process of
co-evolution, as some plants’ sexuality relays completely on pollination by animals
(Abrol, 2011). Bees, for example, have developed a special anatomic structure for
the transport of pollen at the hind legs, the pollen basket (corbicula) (Figure 2) (Win-
ston, 1987; Sladen, 1912), as some plants offer floral nectar to animals as a reward
for pollination (Johnson et al., 2006).
In recent years, efforts have been made to describe the drivers and determine
the main cause of the pollinator decline (Potts et al., 2010; Staveley et al., 2014). In
many studies that investigate the drivers of colony decline and decreasing vitality
of bees the focus of attention has been on (a) pests, pathogens, and parasites (e.g.,
the mite Varroa destructor (Anderson and Trueman, 2000) (Figure 3) that may infest
the honey bee, (b) the genetic diversity and vitality of the bees themselves, and
(c) environmental stressors, that may affect the bee health, including the impact
that the use of plant protection products (PPPs) may have on the bees (Potts et al.,
2010).
1 Some authors like to call the honey bees »wasps that turned to pollen for dietary protein« (Cane,
2008).
3
4 introduction
figure 1: Honey bees are the most important commercial pollinators. Picture: Bob Peter-
son
figure 2: The pollen basket, a special structure at the hind legs of honey bees, that has
the reason to keep the collected pollen together. Picture: Gilles San Martin
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Within the last years the effects of PPPs on honey bee colonies and their decline
have been intensively discussed (Potts et al., 2010; Frazier et al., 2008; Johnson
et al., 2010; Copping, 2014). However, the discussion about pollinator safety in
the context of the usage of PPPs is not an entirely new one. The leading actors
may be new to the stage (honey bees and other pollinators vs. PPPs in general,
neonicotinoids in particular). However, the area of tension between the need for
crop protection and the environmental protection has got a historical background
that reaches back many thousands of years.
1.1 a short history of mankind’s struggle with crop protection
In the short time of its existence on the planet, the human race (Homo sapiens Linn.
(1758)) has formed the planet as no other single species before. The oldest fossils
and artefacts of the modern human are dated between 160 000 to 154 000 years ago
(Clark et al., 2003). Humans followed a lifestyle of hunters and gatherers during
the paleolithicum, for the main part of their existence. Hunter and gatherer societies
existed on every continent in almost every environment, even extreme ones like
arctic or desert areas (Prentiss, 2014). The so-called neolithic revolution (Weisdorf,
2005), the shift from the hunter and gatherer society towards an age of agriculture
and domestication about 13 000 years ago, was the basis of the human cultural de-
velopment and is often assumed to be the most important development in human
history (Diamond, 2002). There are many theories about the reason for the de-
velopment of a resident agricultural lifestyle that appeared and spread in different
regions in the world. One of these theories describes this development as driven by
the pleistocene extinction of the mega fauna—with the human hunting contribut-
ing to this mass extinction—the overkill or sometimes so-called blitzkrieg hypothesis
(Weisdorf, 2005; Wroe et al., 2004). The transition from a nomadic forager lifestyle
to sessile farmer societies was accompanied by a social, cultural, technological, as
well as even a biological transformation (Larsen, 1995).
Humans had already domesticated animals in the pre-agricultural phase—i. e.,
dogs and reindeers. With the beginning of the agricultural phase the domestica-
tion of further animals, e.g., pigs and cattle, was followed by other mammals—but
also by insects, for instance the silk moth Bombyx mori Linn. (1758) and the west-
ern honey bee Apis mellifera Linn. (1758) (Zeuner et al., 1963). Already since the
paleolithicum the honey bee has been of great importance for humans as a source
for the sweet and nutritious honey. The first proof of the relationship humans had
with bees is the Man of Bicorp, a cave painting dated back to be painted about
eight to fifteen thousand years ago (Zeuner et al., 1963; Hajar, 2008). First writ-
ten records of beekeeping were created 2400 BC in egypt (Hajar, 2008). As the
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sedentary living was surely the foundation for further cultural and technological
achievements, it also had its flaws. High population densities lead to the spread of
diseases, that often found their origin in herds of domesticated animals (Diamond,
2002). These diseases shaped the fate of populations in more than just the obvi-
ous way: the cargo of diseases people in the new world had never encountered
before were one of the reasons why the eurasian civilization conquered other civ-
ilizations on foreign continents (Diamond and Ford, 2000). But pests and diseases
were not restricted on humans. Stocks had to be protected against infestation and
plant diseases spread in plantations while the population became more dependent
on the harvest. Reports of pest infestation in crops reach far back in the history of
mankind (Jaskolla, 2006). The first use of chemicals to prevent plants from being
infected is dated in the 10th century, when arsenic compounds were used in China.
Since then the discovery and development of numerous plant protection prod-
ucts—chemical or biological substances used to reduce pest organisms in order to
protect crops and ensure harvests—have proceeded. The usage in agriculture is the
main use of pesticides worldwide (Matsumura, 1985).
However, the history of plant protection is inseparably intertwined with inci-
dents of poisoning the environment and toxic effects on non-target organisms
(Matsumura, 1985). With the huge advances in public information in the 20th cen-
tury, societies all over the world became aware of incidents of these kind, that
were fanning fear and sorrow. For instance, the publication of Silent Spring in 1962
brought the damaging effects of the organochlorine and organophosphate insecti-
cide use on the environment—with the famous example of the decreasing bird pop-
ulations due to the damaging effects of dichlorodiphenyltrichloroethane (DDT) on
the thickness of the birds’ egshells—to the public awareness (Carson, 1962). Acute
poisonings of humans was assumed to add up to approximately 50 000 cases per
year in the 70s (World Health Organization, 1973), a number that increased to
3 000 000 cases in later reports with approximately more than 200 000 deaths by
poisoning (World Health Organization, 1990).2
Some authors see the human population at present to »dwell in the midst of yet
another world food shortage that exacerbated by escalating prices the world over.
Coupled to the apparent instability of climate cycles in recent years, one-fourth of
our growing human population is fast approaching famine« (Hepburn, 2011). To
feed a growing population, a sustainable crop production is necessary. Crops need
to be protected from pest infestations, with synthetic PPPs to be one of the mea-
sures to reduce crop losses (Oerke, 2006). Although the most important reasons for
famines in the 20th century were poor weather conditions (droughts) and political
2 It has to be noted that an considerable amount of these poisoning incidents were caused by the
voluntary intake of PPPs in order to commit suicide (World Health Organization, 1990).
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crises such as (civil) wars (Devereux and Berge, 2000; Mellor and Gavian, 1987),
yield instability, however, influences the global economy and may lead to regional
poverty (Zeigler and Savary, 2010). The control of »pests of agricultural crops is as
important as good seed, sufficient rain or water of high quality, intelligent use of
fertilizers, proper cultivation and control of weeds for economical production of
an adequate supply of food and fiber for increasing number of people throughout
the world« (Atkins, 1992). In order to »ensure a high level of protection of both
human and animal health and the environment« PPPs have to be officially tested
and authorised (European Commission, 2009).
1.2 regulatory background
The decline of honey bee colonies during the last decades and the potential influ-
ences of PPPs on the health of honey bees result in intensive public discussions
about the safe use of several PPPs (Potts et al., 2010; Frazier et al., 2008). These dis-
cussions even set legal actions on the level of the European Union (EU) in action
(Hillocks, 2013). Since December 2013, three neonicotinoid insecticides have been
restricted in use within the EU (Copping, 2014).
In order to make profound decisions concerning the risks and benefits that are
linked to the usage of PPPs , an intensive and detailed analysis of the systems
processes that may be influenced by the use of PPPs is needed. As these systems
and processes may be very dynamic and complex, modelling is a useful tool to
support the decision making process (Haimes, 2005).
In the context of the discussion about the drivers of the decline of honey bee
colonies, the need for a refinement of existing risk assessment procedures for PPPs
on honey bees has been stressed. Environmental risk assessment of PPPs is carried
out to ensure the protection of both human and animal health, as well as the pro-
tection of the environment from unintended (side-)effects (European Commission,
2009). In 2012 the European Food Safety Authority (EFSA) published a scientific
opinion on the science behind the development of a risk assessment of PPPs on
bees (Apis mellifera, Bombus spp. and solitary bees) as an answer to a request from
the European Commission (European Food Safety Authority Panel on Plant Protec-
tion Products and their Residues, 2012). In this paper, the importance of the linkage
of exposure and effects is stressed. In 2013 this scientific opinion was followed by
a draft guidance document on the risk assessment of PPPs on bees in order to »pro-
vide guidance for notifiers and authorities in the context of the review of PPPs and
their active substances under Regulation (European Commission (EC)) 1107/2009«
(European Food Safety Authority, 2013). However, due to several shortcomings of
this new approach, it is not yet clear whether and when the new guidance will be
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finally implemented. This draft guidance document demands several tests to deter-
mine the effects of PPPs on honey bees, bumble bees, and solitary bees, of which
only a part are conductible with a validated test guideline, e.g. by the Organisation
for Economic Co-operation and Development (OECD) (OECD, 1998a,b). For many
of the proposed risk assessment procedures, a key issue is the determination of the
exposure of bees to PPPs on colony level. Within this guidance the importance of
knowledge about the predicted environmental concentration (PEC), that bees may
be exposed to, is stressed (European Food Safety Authority, 2013). A modelling
approach may help to close the knowledge gaps in this context and to support
the risk assessment with scientifically robust information on exposure, which may
otherwise be too complex to be determined experimentally.
A realistic estimation of the potential risk for the bees posed by PPPs is only
possible if the exposure to and the effects of PPPs on honey bees can be estimated
in a realistic manner. By investigating the ongoing processes in the honey bee
colony from a toxicokinetic point of view, the potential exposure of bees to PPPs
in the landscape is linked to the potential following exposure of the colony within
the nest. This is particularly the case for substances with non-acute toxicity to
forager bees, which may be transported into the nest and act there on other sub-
populations or life stages, e.g., larvae.
1.3 modelling in the regulatory context
The term model is used in this thesis with the following meaning: »A simplified
description, especially a mathematical one, of a system or process, to assist calcu-
lations and predictions« (Oxford Dictionaries, 2015).
Models are used as valuable tools to address ecological and ecotoxicological
questions that may be raised in the risk assessment of PPPs (European Food Safety
Authority Panel on Plant Protection Products and their Residues, 2014). One rea-
son for the use of models in the risk assessment of PPPs is the reduction of animals
that are used in tests. The Regulation (EC) No 1107/2009 stresses the promotion
of non-animal test methods and alternative risk assessment approaches (European
Commission, 2009). Furthermore, a model may help to extrapolate from labora-
tory to field conditions under consideration of landscape effects. A particularly
important potential use of models in risk assessment of PPPs may be the refine-
ment of the exposure assessment (European Food Safety Authority Panel on Plant
Protection Products and their Residues, 2014).
Models of special interest for the risk assessment of PPPs are
1. models that may be used for the quantification of specific protection goals
and the setting of trigger values.
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2. models that refine the effect or exposure assessment.
3. models that help with the interpretation of higher tier study data.
4. models that complement and integrate information from higher tier studies.
5. models that may extrapolate to scenarios not covered by higher-tier testing
or may be used in situations where field studies are not feasible (European
Food Safety Authority Panel on Plant Protection Products and their Residues,
2014).
Models may provide the tools to address the complexity of a honey bee colony
to the degree that is needed to link ecotoxicological endpoints to effects on the
colony fitness on different levels. They may help to answer the question whether
adverse effects that are observed in experiments in the laboratory—and/or on the
level of individual bees—may indicate a risk to honey bee colonies under realistic
conditions in the agricultural landscapes. One possible level of modelling is the
simulation of the toxicokinetic behaviour of plant protection products in the honey
bee colony. Toxicokinetics are defined as the »(p)rocess of the uptake of potentially
toxic substances by the body, the biotransformation they undergo, the distribu-
tion of the substances and their metabolites in the tissues, and the elimination
of the substances and their metabolites from the body«, whereas toxicodynamics
are the »(p)rocess of interaction of potentially toxic substances with target sites,
and the biochemical and physiological consequences leading to adverse effects.«
(Nordberg et al., 2004).
In the following a selection of existing models that describe aspects of the honey
bee colony with interest for the ecotoxicological risk assessment is outlined.
The colony model BEEHAVE (Becher et al., 2014) predicts the colony dynamics of
the honey bee and the dynamics of the resources within the hive, the population
dynamics of the varroa mite, and the epidemiology of varroa-transmitted viruses.
The model allows foragers in an agent-based foraging submodel to collect food
which is presented from a representation of a spatially explicit landscape (Becher
et al., 2014). In contrast to other published honey bee models. BEEHAVE combines
in-hive dynamics and pathology with foraging dynamics (Becher et al., 2013). Its
value for the risk assessment of PPPs for honey bees comprises the potential for
1. a quantification of specific protection goals and trigger values for the consid-
eration of »risk mitigation measures, refined exposure assessments and/or
higher tier effects studies« (European Food Safety Authority, 2013),
2. its usefulness to interpret higher tier study data,
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3. and its potential to be used for the extrapolation to situations not covered by
studies.
A model that investigates how the forager bee death rate influences the colony
strength was used by the EFSA to translate hypothetical effects on the colony size
into a corresponding forager mortality in order to derive trigger values for the risk
assessment (European Food Safety Authority, 2013; Khoury et al., 2011). However,
the model developed by Khoury et al. was not developed with a regulatory pur-
pose and does not integrate in-hive dynamics, the effects of pathogens, or foraging
dynamics (Becher et al., 2013; Khoury et al., 2011), as for example the BEEHAVE
model does.
A toxicokinetic model that describes the intake of PPPs into the colony, their
distribution within the colony, and their elimination from the colony could be of
potential use for the refinement of the exposure assessment. An existing model
has been successfully applied to only a single exemplary case and describes only
the fate of τ-Fluvalinate (Tremolada et al., 2011). For further validation more pa-
rameters such as the compartment capacities and the exchange parameters for
additional substances of interest have to be experimentally investigated.
1.4 objective
The aim of this thesis is the development of a comprehensive and dynamical model
approach towards the toxicokinetics of the honey bee colony that
(a) takes the (social) ecology and physiology of the honey bee colony into account,
(b) is better validatable than existing modelling approaches towards the toxicoki-
netics of the honey bee colony, and
(c) that is potentially linkable to further model approaches that may be necassary
to deliver a scientific evaluation in the context of the risk assesssment of PPPs
for honey bee colonies.
This task will be accomplished during the following chapters, which will be out-
lined hereafter.
the toxicokinetically relevant processes of the honey bee colony
In order to develop a toxicokinetic model of the honey bee colony, the toxicokinet-
ically relevant processes are identified and described in Chapter 2. As the result
of a literature study, the possible routes of exposure, distribution, and elimination
to, within, and from the colony are presented. On the basis of these findings, an
integrative model approach towards the prediction of the toxicokinetics of PPPs
in the honey bee colony is sketched (Figure 4), that is described in detail in the
following chapters.
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figure 3: Varroa desctructor—a parasite which the western honey bee encountered for the
first time in the 20th century—on the head of a honey bee nymph. Infestation with the
Varroa mites cause great damages to honey bee colonies and the occurence of varroa mites
are considered as a crucial factor to the honey bee decline (Rosenkranz et al., 2010). Picture:
Gilles San Martin.
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figure 4: The comprehensive model approach towards the prediction of the toxicokinetics
of PPPs in the honey bee colony that is presented in Chapter 2.
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the dependence of effects on the population level on different
exposure scenarios In Chapter 3, the importance of the investigation of the
toxicokinetic processes in the honey bee colony will be stressed by an analysis of
the relationship between the effects and the distribution of substances to which the
colony is exposed. Effects on individuals may be translated to effects on the colony
level. Toxic effects may influence the distribution of PPPs in the honey bee colony,
as well as different patterns of distribution may lead to differences in effects on the
colony level. A submodel—working on the basis of the LD50 of the substance of
interest for honey bees—to determine the effects of mortality within a »task chain«
of different classes of worker bees on the further transport of PPP in the colony
and following effects on the colony is presented and discussed (Figure 5).
the partitioning of substances between wax and other matrices in
the honey bee colony The passive transfer of substances between different
matrices of the honey bee colony—with an emphasis of the storage of honey in
wax cells—will be invetigated and discussed in Chapter 4. A submodel for the cal-
culation of the partitioning of chemicals between a two-compartment-system in the
honey bee colony on the basis of the log KOW is presented and discussed(Figure 6).
In order to show the potential of this model approach, simulation outcomes for
the partitioning of pesticides between wax and honey are compared to experimen-
tal results derived from the literature. The model is then used to simulate a more
complex theoretical scenario of a continuous acaricide application to the honey bee
colony over a certain time period.
the systemic distribution of substances within bees—with empha-
sis on the hypopharyngeal gland and jelly production The po-
tential transfer of PPPs from ingested resources to the jelly—which is produced
by female worker bees and fed to the brood, the queen, and other adult bees—is
investigated and discussed in Chapter 5 (Figure 7). A physiologically based toxi-
cokinetic (PBTK)-based submodel is developed for the uptake of substances from
sugar syrup in the intestine by the body of the bee and the following transfer into
the jelly, which is then fed to queen larvae. Three different theoretical approaches
for the development of partitioning coefficients, that are needed for the PBTK-
approach, are presented. The simulation outcomes for the methods are compared
to each other and to experimental results derived from literature. The developed
approach is further applied to the transfer of PPPs from pollen and water.
the annual dynamic of the honey bee colony The honey bee colony
follows a distinctive annual population dynamic. In dependence on the season—
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figure 5: A submodel—based on the LD50 of the substance of interest for honey bees—
to determine the effects of mortality within a »task chain« of different classes of worker
bees on the further transport of PPP in the colony and following effects on the colony is
presented and discussed in Chapter 3.
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figure 6: The submodel for the calculation of the passive transfer of substances between
different matrices of the honey bee colony is presented in Chapter 4.
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figure 7: The submodel for the calculation of the active transfer of substances from in-
gested resources into the jelly that is is produced by female worker bees and fed to the
brood, the queen, and other adult bees, is presented in Chapter 5.
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due to differing weather conditions and foraging supplies in the surroundings of
the colony—the colony population, the production of brood, as well as the size of
the honey storages fluctuate. In order to take these fluctuations into account, dif-
ferent scenarios are developed that provide system parameters for comprehensive
simulations of the toxicokinetics of substances in the honey bee colony in Chap-
ter 6. In order to develop these scenarios, the honey bee colony model BEEHAVE is
used.
the integration of the different model approaches towards a com-
prehensive toxicokinetic model of the honey bee colony - a case
study with dimethoate In Chapter 7, the so far developed model approaches
that focus on different toxicokinetically important processes of the honey bee
colony are integrated into a comprehensive model of the toxicokinetics of sub-
stances in the honey bee colony. Simulations are done for the seasonal scenarios
that are developed in the previous chapter and different exposition scenarios. The
results of the simulations for the different scenarios are presented and discussed.
general discussion In the last chapter (Chapter 8), the comprehensive ap-
proach towards the toxicokinetic model of the honey bee colony will be put in
the context of the diverse modelling approaches regarding the risk assessment of
PPPs for honey bees. An outlook towards necessary future research in the context
of toxicokinetic modelling of the honey bee colony within the risk assessment of
PPPs will complement the extensive contemplation of this topic within this thesis.
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figure 8: The dense crowd of a swarming honey bee colony. Picture: Umberto Salvagnin
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2
T H E T O X I C O K I N E T I C A L LY R E L E VA N T P R O C E S S E S O F T H E
H O N E Y B E E C O L O N Y
In order to develop a model that predicts the toxicokinetics of plant protection
products (PPPs) in the honey bee colony, it is necessary to define all the possible
routes of exposure, distribution, and elimination to, within, and from the colony
and the hive in a first step, and to gather the available information from labora-
tory and field studies. This knowledge in combination with a model approach that
reconciles gaps that may not be fully answered by empirical studies may help to
estimate realistic effects by providing a realistic predicted environmental concen-
tration (PEC) range of PPPs for the honey bee colonies. Different model approaches
are necessary to link the potential exposure of bees to PPPs in the field to effects
within the colony as a consequence of field exposure. A landscape-based foraging
model can be used to estimate the amount of PPPs that enter the hive from en-
vironmental exposure via bees. The simulation of the in-hive-distribution of PPPs
that were brought into the hive by forager bees can be simulated by a toxicoki-
netic model. These respective predictions of exposure within the colony can then
be linked to the results of ecotoxicological studies, which may be extrapolated to
the colony development by a population model (Becher et al., 2014). This chap-
ter focuses on the investigation of potential routes of absorption, distribution, and
elimination of PPPs by, within, and from the honey bee colony. Knowlegde about
these routes is required for the simulation of the distribution of PPPs within the
honey bee colony requests by a model approach.
2.0.1 Consideration of different Apis mellifera subspecies
The western honey bee Apis mellifera belongs to the order of the hymenoptera. Most
of the eusocial insects belong to this order. The complete scientific classification for
the honey bee A. mellifera is listed in the following:
• Kingdom: Animalia
• Phylum: Arthropoda
• Class: Insecta
• Order: Hymenoptera
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• Family: Apidae
• Genus: Apis
• Species: Apis mellifera
Members of the genus Apis are called honey bees. In this thesis the term »honey bee«
is used in the narrow sense for the western honey bee species Apis mellifera Linn.
(1758). The western honey bee Apis mellifera occurs naturally in Eurasia and Africa,
but has been spread over the whole world (except Antarctica) by humans (Meixner
et al., 2013). The species Apis mellifera unites more than 20 subspecies (Ruttner et al.,
1988).
Honey bees show significant geographic variation due to adaption to different
climates and vegetation. Typical attributes that may have changed over the course
of time in subspecies due to this adaptation are the behaviour regarding the cli-
mate control in the nest, the colony’s immune system, the hygienic behaviour as
an answer to pests and pathogens, and the leaning towards swarming (Meixner
et al., 2013; Dietz, 1975). These are attributes that may influence the toxicokinet-
ics of PPPs and other substances in the honey bee colony. However, as this study
investigates toxicokinetically important aspects of the honey bee colony, it is not
possible to restrain the research to one subspecies. The economically most impor-
tant subspecies in Europe are A. mellifera carnica and A. mellifera ligustica. Therefore
many studies are based on the testing one of these two subspecies. But as not every
study published includes the information about the subspecies that was used for
the investigations, this thesis is written without specifying any of the subspecies to
which a respective study referred. Future research has to be done, keeping in mind
that the prevailing model approach has to be potentially modified when examining
the toxicokinetically relevant processes in a certain subspecies of Apis mellifera.
2.1 material and methods
In order to describe the honey bee colony from a toxicokinetic point of view, the
whole process of resource collection and processing, as well as potential measures
within beekeeping management, is considered. For the work presented here the
toxicokinetically relevant processes are identified in an extensive literature study.
A literature survey is conducted using the online tools of Web of Knowledge
(©Thomson Reuters 2014) and Google Scholar (©Google 2014). Keywords applied
for searches are used alone or in combinations of categories. The survey is done
for eight categories, namely
1. exposure routes and fate of PPPs within the colony
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2. uptake and transport of different materials
3. storage and handling processes within the colony
4. active processes within the colony (ventilation and cleaning) and labour divi-
sion
5. food processing
6. ingestion rates
7. reproduction
8. beekeeping
comprising keywords as following:
1. Apis mellifera, bee, honey bee, foraging, exposure, pesticide, tracer, crop,
field, plants, fate, residues, plant protection products, substance, chemical,
insecticide, acaricide, herbicide, antibiotics, fungicide
2. Apis mellifera, bee, honey bee, foraging, collection, nectar, pollen, resin, wa-
ter, transport, distribution, material, substance
3. Apis mellifera, bee, honey bee, storage, nectar, pollen, honey, bee bread, cells,
wax, resin, propolis,
4. Apis mellifera, bee, honey bee, ventilation, cleaning, grooming, climate, cli-
matic conditions, temperature, brood, queen, attendants, larvae, labour di-
vision, gland, age polyethism, behaviour, pheromone, communication, lan-
guage, dead bees, hygienic behaviour
5. Apis mellifera, bee, honey bee, brood, jelly, composition, honey, production,
components, worker jelly, royal jelly, gland, hypopharyngeal, food, nutrition
6. Apis mellifera, bee, honey bee, brood, larvae, growth, consumption, uptake,
trophallaxis, amount, rate
7. Apis mellifera, bee, honey bee, reproduction, queen, drone, drones, fertility,
egg, eggs, egg laying, larva, larvae, brood
8. Apis mellifera, bee, honey bee, beekeeping, bee keeper, management
Furthermore, cross references of collected articles, either literature cited or related-
article functions of online tools (e.g., ScienceDirect (©Elsevier 2014), SpringerLink
(©Springer 2014), allow subsequently conducted searches. 358 publications were
evaluated in detail for this chapter, of which not all have to be cited. The results of
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this evaluation are used to develop a draft for a model describing the toxicokinet-
ics of PPPs for the honey bee colony. The qualitative and quantitative estimation
of PPP residues to which bees are exposed in the environment is not discussed
extensively in this thesis.
2.2 results
The honey bee colony consists of the fertile female queen and approximately ten
thousand to thirty thousand sterile female worker bees (Page Jr and Peng, 2001),
that perform different tasks in the colony (Seeley, 1982), in addition to up to a
few thousand drones at certain points of the annual cycle of the honey bee colony
(Free and Williams, 1975). This represents a biomass of about 1 kg to 4 kg, if an
average mass of 100 mg per bee is assumed (Hrassnigg et al., 2005; Winston, 1987).
In total around 60 000 to 150 000 individual bees are reared per year by one honey
bee colony (Seeley, 1985, 1995). The processes performed to maintain the »super-
organism« honey bee colony (Seeley, 1989; Moritz and Fuchs, 1998) and that are
toxicokinetically relevant are outlined in the following sections.
2.2.1 The collection and handling of nectar in the honey bee colony
Nectar is a watery sugar-rich substance that is produced in the nectaries of flowers
and that attracts pollinators (Pacini and Nicolson, 2007). Nectar is the main carbo-
hydrate source for honey bees (Haydak, 1970) and it is brought into the hive by
nectar foragers. Nectar foragers may carry about 30 mg of nectar per foraging trip.
They leave the colony for 7 to 15 trips per day (Winston, 1987; Dietz, 1992). The
nectar is transported back to the colony in the so-called honey stomach (Winston,
1987). The average sugar content of nectar is 20 % to 40 % (weight/weight ratio,
w/w) (Doner, 1977). The availability of nectar varies over the year with the sea-
son and depends on the flowering of the plants and the suitable foraging weather.
A total mass of approximately 120 kg of nectar is brought into the hive by nec-
tar forager bees per colony and season. However, the amount of nectar collected
by the colony may vary due to the colony strength and nectar availability in the
landscape (Seeley, 1995). A nectar consumption of 1600 kg may be assumed as
a realistic maximum (Sandeman et al., 2008) per colony and season. An average
colony needs approximately 60 kg of honey per year, out of which about 25 kg are
stored for the winter (Seeley, 1995). The forager bees that collected the nectar hand
it over to the food processor bees. Honey is then produced from nectar by evapo-
ration of water and addition of enzymes (Grüter and Farina, 2007; Park, 1925). It is
then transported to the honey combs and to the brood combs for storage and feed-
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ing purposes in approximately equal parts (DeGrandi-Hoffman and Hagler, 2000).
Nectar and honey are used as an energy source by nurse bees to produce jelly in
their hypopharyngeal glands (HPGs), which is the main food source for the queen
and the brood (Brodschneider and Crailsheim, 2010). Adult worker bees may also
be fed by nurse bees with processed jelly (Crailsheim, 1992, 1991; Crailsheim et al.,
1992), or adults feed each other with unprocessed nectar from the honey stomach
(Schmickl and Crailsheim, 2004). During this transmission between forager and
food processor bees information about the amount and the quality of the nectar
income is gathered, with trophallactic interaction being assumed as a method of
communication (Korst and Velthuis, 1982). This information in turn influences the
foraging behaviour of the nectar foragers (De Marco and Farina, 2003; Von Frisch,
1967). The nectar handling processes are illustrated in Figure 9.
Nectar is a potential route of PPP exposure if flowering crops attractive to bees
are sprayed over. Residues of PPPs may also be found in nectar collected from
treated plants (e.g., Schmuck et al. (2001); Dively and Kamel (2012)) due to seed
and soil treatment applications and pre-flowering sprays (Alix and Miles, 2012),
as well as in honey collected from hives (e.g., Blacquiere et al. (2012)). To estimate
realistically the amount of PPPs that are brought to the colony in nectar, (a) the
concentrations in the nectar of the plants in the apiary’s environment have to be
known and (b) effects, that might decrease the collection of nectar from plants
treated with PPPs, have to be taken into consideration.
2.2.2 The collection and handling of pollen in the honey bee colony
Pollen is a powdery substance that is produced by the stamina of flowers; it con-
tains the microgametophytes and therefore has its use in the reproduction of sper-
matophytes (Bresinsky et al., 2013). Pollen is the main protein source for the bee
colony (Crailsheim et al., 1992; Grogan and Hunt, 1979). Pollen that is gathered
by honey bees has an average protein content of about 20 % (w/w) (Almeida-
Muradian et al., 2005). As for nectar, the availability of pollen in the environment
varies with the seasons. Pollen is gathered and brought into the hive by pollen
foragers (Winston, 1987). For the transport of pollen a special anatomic structure
evolved at the hind legs of the honey bees, the pollen basket (corbicula) (Winston,
1987; Sladen, 1912). Mixed with small amounts of honey, the pollen is stored in
pollen cells. Pollen is transported to the pollen combs directly by the pollen for-
agers. The processed and stored pollen is called bee bread. Bees gather about 20 kg
to 25 kg of pollen per year, but the pollen storage is quite stable at about 1 kg in
the hive over all seasons, as pollen collection and consumption rates are nearly
equal (Camazine, 1991; Seeley, 1995). The collection of pollen is a finely tuned pro-
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cess and the colony reacts sensitively to changes in the pollen storages and needs
(Camazine, 1993). Pollen is mostly consumed by nurse bees; it is used as a protein
source for the jelly production (Crailsheim et al., 1992). In addition to the jelly they
consume, larvae are also fed with small amounts of unprocessed pollen on the 4th
and 5th day of development (Babendreier et al., 2004). It is estimated that worker
bees have a nitrogen demand of about 3 mg, equivalent to 18.75 mg of protein or
about 94 mg of pollen, over a time period of 28 days. Nurse bees may consume up
to 12 mg of pollen in a single day and up to a total of 65 mg over a 10 days de-
velopment period (Crailsheim, 1990; Rortais et al., 2005; Roulston and Cane, 2000;
Schmidt and Buchmann, 1985). Pollen availability in the colony and the amount
of brood that is reared have a mutual relationship; high pollen storage increases
the feeding of young larvae (Schmickl and Crailsheim, 2002) while foraging is de-
creased (Camazine, 1993; Fewell and Winston, 1992). Poor or limited pollen supply
may lead to earlier capping of older larvae and to cannibalism—nurse bees may
then devour younger larvae (Schmickl and Crailsheim, 2001). High amounts of
brood increase the foraging of pollen (Eckert et al., 1994; Filmer, 1932). The pollen
handling processes are illustrated in Figure 10.
Pollen is a potential route of PPP exposure as well. Residues of PPPs are found in
pollen collected by hand directly from treated plants (Villa et al., 2000), as well as in
hive-stored pollen that honey bees had collected (Chauzat et al., 2006). The amount
of PPP in the pollen pellets may vary significantly. Thus, the amount of PPP that
is found in fresh pollen is sometimes assumed to be a more precise estimation for
the amount of PPPs honey bees are exposed to through pollen (Rortais et al., 2005)
rather than the pollen pellets. However, it is also known that concentrations of PPPs
found in bee bread may be higher than in pollen grains due to the fermentation
processes that release possibly conjugated PPPs to be detected in the laboratory
(Kubik and Pidek, 1999). To realistically estimate the amount of PPPs that are
brought to the colony in pollen, (a) the amount of PPP in the pollen of the plants
in the apiary’s environment has to be known and (b) effects that might increase or
decrease the collection of pollen from treated plants have to be taken into account.
2.2.3 The wax and resin handling processes
Beeswax is a yellow fatty solid that is produced by middle aged bees in their wax
glands (Rösch, 1927). Honey bees produce wax in larger amounts than most of
the other insect species, which produce in most cases only a thin layer of wax
for protection purposes (Tulloch, 1970). Wax is used as a building material and
might be processed together with resin, that is a secretion product of plants, by
cementing bees (Meyer, 1956; Seeley and Morse, 1976). Resin foragers collect resin
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from trees (Meyer, 1956); about 100 g of resin are transported into the hive per
year (Seeley, 1995). The resin is processed by cementing bees, which use the resin
for the production of propolis that is used as a building material because of its
antibiotic effects (Simone-Finstrom and Spivak, 2010). The wax and resin related
processes are depicted in Figure 11.
PPP residues contained in wax may be transfered to material that is stored in
this wax, but wax can also absorb contaminations of its content, which is why the
amount of a PPP may decrese in resources that are stored in wax. Wax is very
lipophilic, accumulation of hydrophobic contaminants is therefore probable (Wall-
ner, 1999). With 100 g, there is only very little resin brought into the average bee
colony per year (Seeley, 1995). The resin is assumed to be negligible in the toxicoki-
netics of the bee colony, as long as there is no evidence for high contamination of
the resin, for example, by sprayed forests in the area near to the examined colonys.
Transfer of residues of PPPs into propolis found in hives (Pareja et al., 2011) could
also occur from contact with other contaminated matrices. The potential absorp-
tion of PPPs through resin from trees is a potential field for future research.
2.2.4 Dust
Honey bee colonies that are situated near agricultural fields may be exposed to
PPPs in form of dust particles from seed coatings. Improper formulations and inap-
propriate drilling practices may cause abrasion of the PPPs (Nikolakis et al., 2010).
Accidents have been reported where no sticking agent was included in the seed
treatment process (i. e., improperly treated seed), in which the exposure through
dust was sufficient to lead to colony poisoning. Dust abrasions from treated seeds
seem to be a minor risk, if the application is followed with good practice (Forster,
2010).
2.2.5 The climate and water related processes
Water is needed for the regulation of the temperature in the colony (Lindauer, 1954,
1955b) and the dilution of honey (Haydak, 1970). As a honey bee colony collects
up to 25 kg of water per year (Seeley, 1995), the potential for the entry of PPPs into
the colony through water has to be considered. Because honey bees prefer rather
mineral-rich water sources like urine or puddles on animal feces (Butler, 1940;
Kiechle, 1961), it is possible that they might collect water that is contaminated by
PPPs from field puddles, though this is most likely an exposure of minor impor-
tance. Guttation water from plants has also been discussed (Shawki et al., 2006;
Girolami et al., 2009; Reetz et al., 2011; Tapparo et al., 2011) as a potential water
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source for bees through which they might be exposed to PPPs. However, according
to the current state of knowledge, guttation seems to be a water source of minor
importance for bees (Pistorius et al., 2012).
Honey bees are able to maintain a stable temperature in the center of the hive
where the brood is located at a wide range of environmental temperatures. Passive
ways to easily maintain of climatic conditions comprise the nest site selection, the
orientation of the nest, and the nest architecture (Jones and Oldroyd, 2006). Further-
more, worker bees are able to actively regulate the temperature in the hive. They
can actively heat (i. e., heat production by bees) and cool the hive (i. e., spreading
of liquids to evaporate), and control the hive humidity (Kronenberg and Heller,
1982; Lindauer, 1954). Fanning is a way to actively bring air from outside into the
hive, but bees also show means of regulating the elimination of respiratory gases
(Michener, 1974). The core temperature of the hive is reasonably stable throughout
the whole year and ranges from 30 ◦C to 35 ◦C, independent of outside tempera-
tures (Dunham, 1931c,a,b). During the winter, honey bees cluster in the core of the
hive to maintain relative high temperatures compared to the outside temperatures
(Southwick, 1983). Honey storages surrounding the hive center may act as thermal
insulation (Lindauer, 1955b). Brood mortality increases significantly in the periph-
eral areas of the brood comb, probably due to insufficient temperature regulation
in the periphery (Fukuda and Sakagami, 1968). The climate and water related pro-
cesses are illustrated in Figure 12.
As chemical reaction rates are temperature dependent, it is possible that the rates
of uptake and accumulation of PPPs within the honey bee colony may be temper-
ature dependent as well (Honkanen and Kukkonen, 2006). This may also apply to
the degradation and elimination rates of PPPs within the colony. Therefore it is
necessary to carefully consider the quite high temperatures in the honey bee hive
in future research. The temperature dependence of the degradative processes are
not considered further in this thesis.
Water foraging, water handling, ventilation, and temperature related processes
may have an influence on the distribution of chemical compounds within the hive,
because they are related to a lot of movement of the worker bees. The aerosol-
like distribution of water in the hive, the evaporation of water from nectar in the
honey production, and the amount of air that is exchanged with the environment
may be considered as absorptive, distributive and eliminative processes for PPPs.
However, the water transport to the colony and the water related processes within
the colony are not assumed to be the major routes of PPP exposure and they are
therefore not investigated in detail in this thesis.
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2.2.6 The reproductive processes
The queen bee is attended by young worker bees which are mainly 2 to 11 days
old (Seeley, 1982). Licking and grooming of the queen bee by the attending worker
bees is, amongst other purposes, a way of distributing pheromones in the colony
(Free et al., 1992; Naumann et al., 1991). The queen is under normal conditions
the only fertile female individual in the colony and she produces about 1000 to
1500 eggs per day in times of maximum brood rearing. However, a range of up
to 2000 eggs per day has been documented (Hill and Burdett, 1932; Nolan, 1925).
With an average weight of up to 0.22 mg per egg (Taber and Roberts, 1963; Roberts
and Taber, 1965), this large turnover would suggest an uptake of up to 0.44 gram
of food per day by one single queen—just to produce the maximum of 2000 eggs
with a total weight of 0.44 gram. The queen is the only female individual in the
colony that has copulated and can produce fertilized diploid eggs. From these
fertilized eggs female worker and queen bees can hatch out. The male drones
hatch from unfertilized eggs. thus, the health of the queen bee is very important
for the reproduction of the entire colony (Seeley, 1985, 1995; Winston, 1987). As an
exception, worker bees may have functioning ovaries and about 0.1 % of the male
drones in the colony are of worker bees’ origin. But female worker bees do not mate
and therefore produce no female descendants (Visscher, 1989). Worker larvae hatch
out from the eggs produced by the queen three days after egg-laying (Page Jr and
Peng, 2001). They are fed protein-rich jelly in the first three days, later, on the 4th
and 5th day, they are fed jelly, honey, and pollen. Consequently, during the growth
and development of larvae, the nutrition provided becomes more carbohydrate
rich and less protein rich (Haydak, 1943). After six days the larvae develop into
pupae (Page Jr and Peng, 2001). The pupa needs 12 days for development, which
leads to a total time for development from an egg to an adult bee of about 21 days
(Rembold, 1980). The first task of the newly emerged worker bee is the cleaning
of the brood cells in the center of the brood nest (Seeley, 1982). Nurse bees closely
attend the larvaeand they have intensive contact with each other. Brood attending
bees inspect and clean the cells in the brood combs (Winston, 1987).
The development of drones and queens are subject to slightly different timescales,
with a total development of 24 days for drones and 16 days for queens (Winston,
1987). Furthermore, the nutrition of queen and drone larvae differs from the nu-
trition of worker larvae, whereas the quality of food differs between young and
older worker larvae with a threshold at the age of 96 hours (Brodschneider and
Crailsheim, 2010; Haydak, 1970). The life spans of the different castes of honey
bees also differ; worker bees live on average about 28 to 32 days in summer, but
up to 5 months in winter (Sakagami and Fukuda, 1968). Drones live on average 13
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to 43 days with a mean of 25 days and up to 90 days (Fukuda and Ohtani, 1977).
The queen lives about between 1 year to 3 years, but can live for up to 8 years
(Page Jr and Peng, 2001). The age and life span of a queen can be controlled by
the bee-keeper, where queens will be replaced after several years or when they are
considered to be no longer productive. The reproduction related processes of the
honey bee are illustrated in Figure 13.
The queen bee caste consists of one single individual within a colony and only
few queen larvae are reared in the colony each year. Her size and the quantity
of food she is consuming at an individual level may be negligible in comparison
to the total mass of worker bees and drones and their consumption in the colony.
However, the queen bee is the most important individual of the colony, and she
can live considerably longer than every other bee in the colony. Therefore, her
individual exposure may be higher and may last considerably longer, hence it is
important to carefully examine the queen bee when investigating the toxicokinetics
of the colony. Her loss may have larger impact on the colony health than the loss
of worker bees or drones if she is not replaced. Nurse bees and brood attending
bees are in close contact with the brood and the wax in the brood comb (Winston,
1987), which allows substance transfer in both directions.
2.2.7 Drones
Drones, which have not died before, are expelled from the colony in autumn and
in cases where food stocks are low in the colony (Free and Williams, 1975; Morse
et al., 1967). The loss of drones is a potential way of PPP elimination from the
colony. Taking into consideration the number of drones that may be reared in the
colony rejected drones may comprise a biomass of some hundred grams to a few
kilograms per year.
2.2.8 Development of worker bees and age related labour division
The division of labour in honey bee colonies (so-called polyethism) and the physi-
ological development of honey bees are age related (Lindauer, 1952; Seeley, 1982;
Winston, 1987). It is shown that the performance of tasks is also linked to a certain
spatial distribution of bees of certain ages in the colony. The worker bees move
from the center of the brood nest, where they emerge as adults and perform the
first tasks as cleaning the brood combs, through the hive to the nest periphery.
There they finally leave the hive to become forager bees, the last task in the life of a
honey bee worker before their death. On their way through the hive they perform
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different tasks (Seeley, 1982), coming in contact with every location within the hive,
as it is depicted in Figure 14.
The labour division between the worker bees is very flexible and can adapt to
changes in the colony’s needs (Robinson, 1992). For example, a reduction in the
number of returning forager bees will result in an increasing number of in-hive
bees taking on forager roles. Worker bees can be thought of as the driving force
of substance distribution in the colony (Aliano and Ellis, 2008; Škerl et al., 2010).
Regarding (a) the age related movement of bees through the hive and (b) the flow
of substances from the environment to the center of the brood nest, the honey
bee colony might be thought of as a kind of a pulsating organ. These flows drive
the movement of substances in the honey bee colony. Loss of forager bees can
influence the amount of PPPs that can enter the hive, as loss in the field lead to
fewer returning bees and a consequent reduction in pollen and nectar collection
which may contain product residues (Chapter 3).
2.2.9 Chemical communication
Honey bees use chemical compounds—known as pheromones—for intraspecies com-
munication (Slessor et al., 2005). Many different pheromones are known in honey
bees (Slessor et al., 2005), for example the Nasonov pheromone for orientation among
worker bees (Winston, 1987), or the alarm pheromones released by extruding stings
which recruits other worker bees and trigger aggressive behaviour in the sur-
rounding bees (Breed et al., 2004). The mandibular gland pheromone of the honey
bee queens is transmitted via attendant worker bees throughout the whole colony
(Naumann et al., 1991). Considering the development of processes that actively
spread chemical substances for communication purposes in the colony, one has to
bear in mind that these processes may also apply in some cases as potential routes
for the distribution of PPPs that are located on the bee’s surface. However, this
is considered as an unlikely route of exposure to in-hive bees and is not further
investigated in this thesis.
2.2.10 Swarming
Usually once a year in early summer, the queen leaves the hive with ten to fifteen
thousand worker bees. Such a swarm is looking for a new nest site to found a
new colony (Seeley, 1985). Before the swarm leaves, the colony’s bees ingest ap-
proximately 36 mg of honey instead of the 10 mg that are usually found in bees
(Combs, 1972). A new queen is reared and hatches out in the old colony. After the
mating flight, at which the queen is inseminated by drones from other colonies,
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she will take over the task of laying eggs in her home colony (Winston, 1987). The
emergence of one or more afterswarms is possible. Swarming is a phenomenon of-
ten unwelcomed and suppressed by bee-keepers (Lindauer, 1955a). Swarming may
also be a reason for the loss of PPPs from a colony in terms of potentially contam-
inated food store removal and a reduction in number of potentially contaminated
bees.
2.2.11 Dead bees
Dead bees are recognized by other worker bees very soon after their death and are
transported away from the hive. The decisive removal of dead bees from the hive
(i. e., necrophoresis) can be distinguished from the general cell-cleaning behaviour
(Visscher, 1983). The removal of potentially contaminated dead bees is a possible
way of PPP elimination from the colony. Considering the ten thousands of bees that
are reared on average in the spring and summer, dead bees comprise a biomass of
a few kilograms per year.
2.2.12 Defecation
Healthy adult honey bees never defecate in the nest. Defecation occurs in form
of the so-called cleansing flights (Michener, 1974) and the rectum can expand exten-
sively to hold excrements. Bees do not defecate during the whole winter when they
remain in the hive (Winston, 1987). Davis and Shuel (1988) found that the major
parts of ingested 14C-labelled insecticides were transported to the rectal sac. Con-
sequently, defecation is a potential way to eliminate PPPs from honey bee bodies
and the colony. The defecation of insects as an important process of waste elimi-
nation has been widely neglected in research (Weiss, 2006) and should be further
investigated as a form of contaminant elimination.
2.2.13 Degradation and Biodegradation
The breaking down of PPPs is called degradation process (Vargas, 1975). It has
to be taken into account that due to the darkness in the honey bee hive and due
to the antimicrobiotic effects of honey bee products (Boukraâ and Sulaiman, 2009)
photodegredation (Burrows et al., 2002) as well as bacterial biodegradation (Aisla-
bie and Lloyd-Jones, 1995) of PPPs might be inhibited within the honey bee hive.
However, enzymatically detoxification as a form of biodegradation may take place
within the honey bees (Yu et al., 1984). On the other hand, the elevated tempera-
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tures within the hive may accelerate some processes. Degradation processes may
be influenced by in-hive conditions. Honey, for instance, has a pH of 3.9 (White,
1962). Substances which degrade slowly at low pH may be present for several
months (Rortais et al., 2005). PPP degradation processes have to be considered as
a potential route of PPP elimination in the honey bee colony. One has to keep in
mind that the degradation of PPPs in the hive may differ to those observed in the
laboratory.
2.2.14 Beekeeping practice
Substances brought into the colony by beekeeping practice are an important route
of exposure. They comprise a wide range of different substances, such as acaricides,
essential oils and organic acids against Varroa destructor (Anderson and Trueman,
2000), antibiotics, and other substances used in beekeeping (Bogdanov, 2006). The
treatment of honey bee colonies with chemicals bears a risk of poisoning of the
colony. Some honey bee colony losses, which were blamed on the contamination of
PPPs, were actually caused by inadequate methods used for mite control (Nguyen
et al., 2009).
Bees, the queen, the brood, bee bread, honey, propolis, royal jelly, venom, and
the beeswax are products of the honey bee colony, which may be collected by the
bee-keeper (Crane, 2013; Krell, 1996). Honey and wax are generally assumed as the
products with the greatest total economic value (Carreck and Williams, 1998) and
they are the products that are collected in the largest amounts from the honey bee
colony. The collection of colony products by a bee-keeper may act as a potential
route of PPP elimination from the colony.
2.3 discussion
Apis mellifera is an exceptional species with some fascinating characteristics. The
honey bee colony »superorganism« (Seeley, 1989; Southwick, 1983) combines prop-
erties of different animal groups, such as mammals and unicellular organisms.
Mammal-like aspects of the honey bee ecology are, for instance, (a) the devel-
opment of the offspring within a protected and controlled environment (i. e., the
uterus and the brood nest), (b) the production of a distinctive nourishment in spe-
cial glands for the offspring (i. e., milk and jelly), and (c) the ability to maintain
a stable core temperature. On the other hand, honey bee colonies reproduce in a
way, quite similar to unicellular organisms—the division of unicellular organisms
is sometimes seen as an equivalent to the swarming of honey bee colonies. The
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honey bee may therefore be regarded as a potentially immortal organism—optimal
environmental conditions provided (Sandeman et al., 2008).
The nectar and pollen handling processes are the most important routes of the
distribution of PPPs in the honey bee colony, with water as an important, but sec-
ondary, route. This is the case due to (a) the large amounts of nectar and pollen
that are brought into the colony, compared with the amounts of water and resin
that are collected, (b) the nutritive values of nectar and pollen for the whole colony
and the exposure of food to every bee, and (c) due to the residues of PPPs that
are found in nectar and pollen. These findings are generally in agreement with
the European Food Safety Authority (EFSA) opinion on the science behind the de-
velopment of a risk assessment of PPPs on bees (European Food Safety Authority
Panel on Plant Protection Products and their Residues, 2012). Potential routes of
exposure are the collection of nectar, pollen, water, and resin, as well as the ap-
plication of potentially harmful substances by the bee-keeper and the exposure of
bees to dust generated at the time of sowing PPP treated seed, which is of minor
importance compared to the other exposure routes. Figure 15 and Figure 16 depict
the estimated amounts of resources that are collected by a honey bee colony per
season and that are ingested by the bees per day respectively (Rortais et al., 2005;
Seeley, 1985, 1995; Winston, 1987). Potential routes of distribution are the han-
dling of nectar, pollen, water, resin, the wax as a potential storage and distributive
structure, the climate control, reproductive processes and the care of the brood, the
movement of developing worker bees from the core of the hive to the periphery
in general, as well as the means of distributing chemical substances for commu-
nicational reasons. The bee flow with its bee-to-bee-interaction is the driving force
behind the transport of chemicals in the bee colony (Aliano and Ellis, 2008; Škerl
et al., 2010) (Figure 17). Potential routes of elimination are the removal of dead bees,
water, gases and other waste from the hive, the loss of substances due to a swarm
leaving the colony and transporting contamination, the loss of drones, excretion,
(bio-)degradation, and the removal of colony products be the bee-keeper. The find-
ings of this investigation that were made to describe the absorption, distribution,
and exposure of PPPs of, within and from the honey bee colony are summarised in
Figure 18. It is important to distinguish between the two main routes of exposure:
(a) the oral exposure to PPPs through collected resources that might be ingested
(i. e., nectar, pollen, water), and (b) materials that are brought to the colony by con-
tact exposure (i. e., dust, resin). These routes of exposure are related to significantly
differing distribution processes in the colony. As it is shown, the honey bee colony,
often described as a »superorganism« (Seeley, 1989; Moritz and Fuchs, 1998), is
highly dynamic in time and space. A model that describes the toxicokinetics of
the honey bee colony has to take this into account. The intended simulation model
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shall predict the toxicokinetics in the bee colony as »the study of the time course
for the absorption, distribution, metabolism and elimination of a toxic substance
in a biologic system« (Clewell and Andersen, 1985).
2.4 conclusion
A toxicokinetic model of the honey bee colony has to take the toxicokinetically
most important processes into account. The modelling approach of the following
chapters will focus on processes that drive the absorption, distribution, and elimi-
nation of substances in the honey bee colony. These investigated processes are the
foraging and processing of food resources, the storage of resources and their con-
tact to the very lipophilic wax, the consumption of resources and the production
of jelly by nurse bees, as well as the potential mortal effects the feeding of con-
taminated jelly may have on the queen and the brood (Figure 19). Elimination is
considered as the removal of resources from the colony.
34 the toxicokinetically relevant processes of the honey bee colony
Food processor bees
Nectar
Nectar 
foragers
Receiver 
bees
Food 
storage 
bees
Honey stored 
in honey 
comb
Honey 
transported to 
brood comb
Nurse 
bees
Brood
Adult bees of 
all ages
Queen 
bee
Water
figure 9: The nectar handling process in the honey bee colony are schematically depicted.
Nectar is brought into the colony by nectar foragers where it is processed to honey by
receiver bees and food storage bees. Honey is used by the colony as an energy source.
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figure 10: The pollen handling process in the honey bee colony are schematically de-
picted. Pollen is transported to the colony by pollen foragers. It is then transported to the
pollen cells where it is stored as bee bread. The feedback is sent in this case from the pollen
storages. The pollen storage is almost always stable and consists of approximately 1 kg of
pollen. A full storage may lead to decreasing forager activity. Pollen is used by the colony
as an protein source.
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figure 11: The wax and resin related processes in the honey bee colony are schematically
depicted. Resin is brought to the colony by resin foragers from certain resin producing
trees. Cementing bees mix it with the wax that is produced by the wax bees. Wax and
propolis (the wax-resin-mixture) are used in building the hive. Propolis finds its special
application in antimicrobiotic usage. Old wax may be recycled by chewing or is replaced
by the bee keeper.
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figure 12: The climate and water related processes in the honey bee colony are schemati-
cally depicted. Bees are able to keep the climatic conditions in the hive stable in many dif-
ferent ways. There are active and passive strategies to increase and decrease the colony’s
temperature in order to maintain the ideal temperature for the colony.
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figure 13: Schematic depiction of the reproductive processes of the honey bee colony.
Nurse bees and queen attendants care for the queen who is the only fertile female bee
in the colony and is able to lay fertilized eggs. Drones hatch out from unfertilized eggs,
queens and worker bees hatch out from fertilized eggs. Each caste of bees needs its certain
time for development.
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figure 14: Schematic depiction of the age dependent labour division and the labour divi-
sion related movement of honey bee workers through the hive. The movement is assumed
to happen in general from the core of the hive to the periphery, in comparison to the flow
of resources that enter the hive from outside and are transported to the hive center. The
result is a constant pulsating movement in the honey bee hive.
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figure 15: Approximate biomasses of incoming resources into the honey bee colony and
demands of single bees over one season assuming a total number of 150 000 honey bees
per colony per season, according to the findings of Seeley (1995).
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figure 16: Approximate maximum biomasses that are needed by the different age classes
of worker bees per day: the larvae, the nurse bees, the worker bees that perform other in-
hive tasks than nursing the brood, forager bees that forage in distances of a few kilometres
in the colony’s environment, and the queen. These estimations are based on the findings
of the literature research that is discussed in this thesis (Section 2.2.1 to Section 2.2.3 and
Section 2.2.5).
42 the toxicokinetically relevant processes of the honey bee colony
PollenNectar
Water
Resin
Ai
r Nurse bees
Drones
Cementing 
bees
Fanning bees
Hive 
defending 
bees
Queen
Cell cleaning 
bees
Queen 
attendants
Forager bees
Wax (honey)
Stored honey
Wax (pollen)
Stored pollen 
(bee bread)
Wax (brood)
Brood
Nectar 
processing 
bees
Pollen 
processing 
bees
Other probable 
routes of 
substance flow
Main flow of 
pollen and nectar
Bees’ 
development
Du
st
figure 17: The honey bee colony is a web of the different compartments, which are
connected by the different processes in the honey bee colony. These processes are carried
out by the mass of honey bee workers for the most part.
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figure 18: Schematic depiction of the examined aspects concerning absorption, distribu-
tion, metabolism, and elimination.
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figure 19: The toxicokinetic model of the honey bee colony developed in this thesis. This
model takes the toxicokinetically most important processes regarding absorption, distri-
bution, and elimination of substances by the honey bee colony into account: the foraging
and processing of food resources, the storage of resources and their contact to the very
lipophilic wax, the consumption of resources and the production of jelly by nurse bees, as
well as the brood and the queen being fed with jelly.
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T H E D E P E N D E N C E O F E F F E C T S O N T H E P O P U L AT I O N
L E V E L O N D I F F E R E N T E X P O S U R E S C E N A R I O S
Ecotoxicology is often seen as a hierarchical science of fate and effects of chemicals
in the environment (Newman and Jagoe, 1996). Effects of substances are integrated
from a molecular, over individual, to the population level, and further to levels of
the biocoenosis (Fent, 2013). In order to fully understand a natural system from
an ecotoxicological point of view, the system has to be analysed for its own hier-
archical ordered levels, that may, on the one hand, be the target to a stressor, and
that may, on the other hand, translate the effects caused by a stressor to a higher
level. The honey bee colony will be analysed for potential interfaces between the
toxicokinetics and the toxicodynamics—between the distribution of potential haz-
ardous substances and their effects on the colony level. This chapter refers to the
knowledge about the ecology and behaviour of the honey bee colony that is exten-
sively discussed in Chapter 2.
3.0.1 Effect reducing quality of the consecutive worker bees’ chain
When transferring this hierarchical approach to the honey bee colony, the resource
collection by forager bees and the handing over of resources to the in-hive bees
may be seen as a point where two hierarchical levels meet and effects may be
translated from the one to the other. As forager bees leave the colony and collect
resources in the surroundings of the honey bee colony, they may be exposed to
potentially harmful substances through the collected resources. After the collec-
tion of contaminated resources and the potential exposure to a toxic compound,
there are two potential outcomes: the forager bee may transport the contaminated
resources to the colony and hand it over to food processor bees or store it by itself
within cells, or it may die in the field due to the toxic effects caused by the toxic
substance. As dying bees, on the one hand, may have a negative impact on the
population dynamics of the honey bee colony, a dead bee that does not return to
the colony, on the other hand, cannot transport the contaminated resource to the
colony. Therefore, the colony may be protected from harmful substances by the
forager mortality to some extend (Atkins, 1992). Nevertheless, one has to bear in
mind that the loss of forager bees is a potentially stressful situation for the honey
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bee colony. However, the colony is able to react with a certain plasticity in terms
of the labour division between the worker bees (Robinson, 1992).
3.0.2 Investigation of the effect that certain kinds of exposure distribution and consump-
tion of resources have on the colony level
The nectar is brought into the colony by forager bees. Nectar is concentrated and
stored as honey (Section 2.2.1). The processing of the nectar and the storing of the
honey are potential events at which contaminated nectar or honey may be mixed
with uncontaminated nectar or honey, respectively. If a resource with a certain ratio
of contamination is brought to the colony, there are two theoretical possibilities of
how this resource is distributed among the bees in the colony:
1. The resources are strictly separated consumed: Bees consume either from the
contaminated part of the resource or from the uncontaminated part.
2. The resource is mixed within the colony: Each bee consumes the mean of the
total contamination that reaches the colony.
To investigate the effects the way of consumption may have on the colony,
some scenarios are investigated.
It is investigated which influence on the effects at colony level the mixed or strictly
separated feeding of contaminated resources in the honey bee colony may have. As
an example, the effects of a mixed or seperate feeding of nectar that is contami-
nated with certain ratios of certain amounts of dimethoate as a model substance is
investigated.
3.1 material and methods
3.1.1 Effect reducing quality of the consecutive worker bees’ chain
The likelihood of death (pmortality) of a bee that is exposed to a certain amount of a
substance may be determined with the help of the LD50. The LD50 is the median
lethal dose. It is a statistically derived single dose. The exposition via the indicated
route to this dose leads to a 50 % likelihood of death for an organism (OECD, 2006;
US EPA, 2014). The likelihood of mortality may be calculated with the logit model
(OECD, 2006) Equation 1.
pmortality =
1
1+ exp
(
b log
(
LD50
x
)) (1)
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For the calculation of pmortality, two parameters are needed: the slope b and the
LD50. The slope b »of a quantal dose-response relationship is a reflection of the
variability between the individuals, with steeper slopes meaning smaller variability
in tolerances« (OECD, 2006). The LD50 is the dose at which the probability for an
effect is 0.5, or 50 % (Figure 20). In the case of mortality, the effect is the death of
the exposed indvidual.
3.1.1.1 Model development
A forager bee that survives a certain exposition to a plant protection product (PPP)
in the field would hand the collected resources over to the colony. In the case of
a nectar foraging bee this station for the collected nectar would be a food proces-
sor bee (Winston, 1987). But if the forager bee dies the collected resource would
not enter the colony. For the nectar processing bee applies the same: if the nectar
processing bee dies, the nectar is with the dead bee rejected from the colony. If the
nectar processing bee survives, the nectar will be processed to honey. The honey
will then be stored. As nurse bees consume stored honey, the nurse bee would also
have to face the probability of death in dependence to the substance concentration
that the honey may contain. The consumed honey in a dead nurse bee would then
be rejected from the colony. If the brood is considered as the last link in the chain
of bees, the mortality of the brood would then be depending on the amount of
substance that reaches the brood (Figure 21).
The effects (mortality) on the different class of bees are calculate with the Equa-
tion 2 to Equation 6.
pmortality(Individual) =
1
1+ exp
(
b log
(
LD50
x
)) (2)
pmortality(Forager bee) = pmortality(Adult bee) (3)
pmortality(Food processor bee)
= pmortality(Adult bee) (1− pmortality(Forager bee)) (4)
pmortality(Nurse bee)
= pmortality(Adult bee)(1− pmortality(Forager bee)
− pmortality(Food processor bee)) (5)
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pmortality(Larva bee)
= pmortality(Adult bee)(1− pmortality(Forager bee)
− pmortality(Food processor bee)− pmortality(Nurse bee)) (6)
pmortality represents the chance for an individual bee of the respective bee class
(forager bee, food processor bee, nurse bee, larva) to die from the dose of toxicant
to which it is exposed.
The likelihood of survival (psurvival, Equation 7) is equal to the probability of a
certain bee to continue with its tasks.
psurvival = 1− pmortality (7)
Figure 22 depicts the mutual dependence of exposure and effects. The effect on a
bee is a function of the amount of substance to which it is exposed. The exposure
of the next bee in the chain of bees is a function of the effects the exposure has on
the previous bee.
3.1.1.2 Scenario
In order to evaluate the model that calculates the chance of mortality of each bee
class in the chain, different scenarios are designed. It is assumed that each single
bee of one group hands one portion of resource to one single bee in the next group
in the chain with a certain contamination. If the prior bee dies, the next bee in the
chain is not exposed to any contamination. Therefore every bee that is exposed to
a contaminated portion of the resource is exposed to the same dose as the previous
bee was exposed to.
The mortality for the bee classes will be calculated for a model substance with
a slope b = 5. The LD50 for larvae is set as 0.5, 1, and 2 LD50 (adult bees) per
larvae, i. e., larvae are set as twice, equally, or half as sensitive as adult bees for the
simulation. The simulations are done for three different doses of model substance
per resource portion: 0.5, 1 and 2 LD50 (adult bees).
3.1.2 Investigation of the effect that certain kinds of exposure distribution and consump-
tion of resources have on the colony level
The effects of different ratios of contamination for different contamination values
are calculated for a mixed and a separated consumption of resources by the bees. The
scenario considers a consumption period of 28 days. The substance is assumed not
to be eliminated from the honey bee’s body once it is consumed. The daily uptake
of an average worker bee is assumed to be 28 mg (Chapter 2). The effects on the
individual bees are calculated with Equation 1.
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In order to calculate the effects of the mixed feeding, the ratio of contamination
is thought to be equally distributed within the total nectar that is consumed. In order
to calculate the effects of the strictly separated feeding, the effects are calculated
only for the same ratio of bees as the ratio of contamination that is brought into the
colony. The mean of the effects for the total colony is calculated. The effects are
considered respective to their ratio of bees that are fed with the contaminated or
uncontaminated resource. To compare the effects, the difference of effects (Ed) is
calculated for a model substance with an oral LD50 of 10 ng per 28 days (Equa-
tion 8).
Ed = pmortality(mixed feeding)− pmortality(separate feeding) (8)
The effect differences are determined for a contamination of 0 ng g−1 to 100 ng g−1
and for a ratio of contamination of the total amount of nectar from 0 to 1. With a
ratio of 0 there was no contamination considered, with a ratio of 0.5, half of the
resource was considered contaminated with the respective amount of substance.
The calculations were done for different slopes (Equation 1): 1, 2.5, 5, 7.5, and 10,.
3.1.2.1 Dimethoate as a model substance
Dimethoate is widely used as a toxic standard for honey bee tests, the LD50 of
dimethoate for bees is experimentally determined (Gough et al., 1994).
• LD50 oral (24 h): 0.18 µg active ingredient (a.i.)/bee
• slope b: 5.94
The experimentally determined LD50 for larva (Aupinel et al., 2007) is higher than
the LD50 for adult bees:
• LD50 oral (24 h): 1.9 µg a.i./bee
• slope b: 1.06
Both simulations (Section 3.1.1,Section 3.1.2) are done by taking the LD50 of
dimethoate for adult bees and larvae into account.
3.1.3 Implementation
The implementation of the developed submodels is done in Microsoft Excel (Mi-
crosoft, 2010).
50 effects on the population level
3.2 results
The simulation outcomes for the calculation of the effect transfer in the chain of
different bee classes are given as tables and as plots. The simulation outcomes of
the effect differences Ed are plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
3.2.1 Effect reducing quality of the consecutive worker bees’ chain
The simulation of the mortality (pm) of the different bee classes for the different
scenarios regarding the sensitivity of the honey bee larvae are listed in Tables 1
to 3 and plotted in Figure 23, Figure 24, and Figure 25. Figure 26 depicts all three
scenarios.
The effects on the different bee classes decrease over the chain of bees in the
models if the bee classes show the same sensitivity towards the stressor. In the
case of the bee larvae being more sensitive to the stressor than the adult larvae, the
effect on bee larvae is higher than for every other class of bees at the relative dose
of 0.5 LD50.
3.2.1.1 Dimethoate as a model substance
The simulation outcomes for the mortality (pm) of the different bee classes for
dimethoate are listed in and plotted in Figures 23 to 25.
The effects on the different bee classes decrease over the chain of bees, except
for the larvae. The effect on bee larvae is higher than for every other class of bees
at the relative dose of 0.5 LD50 of dimethoate.
3.2.2 Investigation of the effect that certain kinds of exposure distribution and consump-
tion of resources have on the colony level
The effect differences Ed for the simulated scenarios are plotted in Figure 27 to
Figure 31.
An Ed larger than 0 means that the effects on the colony for a mixed consump-
tion of contaminated nectar is larger than the effects of the strictly separated con-
sumption. Vice versa, an Ed smaller than 0 means that the effects on the colony
level are larger for the strictly separated consumption of the contaminated resource
than for the mixed feeding. In general, the effects for the mixed feeding are in most
cases larger than the effects of the separate feeding. The effects of the separated
feeding are larger on the colony level than the effects of the mixed feeding in cases
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figure 20: The plot of a dose response curve depicts the dependence between the chance
of effect on an individual and the dose the examined individuum is exposed to. The dose at
which the probability for an effect is 0.5 or 50 % is called the LD50 (in case the investigated
effect is the mortality).
table 1: For the simulation of the mortality of the different bee classes the larvae were
regarded as sensitive as adult bees.
relative dose pm
adult forager food processor nurse larvae
0.5 LD50 (adult bees) 0.18 0.18 0.15 0.122 0.10
1 LD50 (adult bees) 0.50 0.50 0.25 0.125 0.023
2 LD50 (adult bees) 0.82 0.82 0.15 0.027 0.001
table 2: For the simulation of the mortality of the different bee classes the larvae were
regarded as more sensitive than adult bees. The LD50 for larvae is half the LD50 of the
adult honey bee.
relative dose pm
adult forager food processor nurse larvae
0.5 LD50 (adult bees) 0.18 0.18 0.15 0.122 0.27
1 LD50 (adult bees) 0.50 0.50 0.25 0.125 0.063
2 LD50 (adult bees) 0.82 0.82 0.15 0.027 0.003
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figure 21: The flow chart depicts the conceptual model of the transport of toxic sub-
stances through the chain of worker bees for the example of the nectar and honey trans-
port and processing. Bees that die due to the exposure of the toxic substance potentially
reduce the toxicity for the colony, as the contaminated nectar and honey is rejected from
the colony with the bee.
table 3: For the simulation of the mortality of the different bee classes the larvae were
regarded as less sensitive than adult bees. The LD50 for larvae is twice the LD50 of the
adult honey bee.
relative dose pm
adult forager food processor nurse larvae
0.5 LD50 (adult bees) 0.18 0.18 0.15 0.122 0.026
1 LD50 (adult bees) 0.50 0.50 0.25 0.125 0.006
2 LD50 (adult bees) 0.82 0.82 0.15 0.027 0.0001
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figure 22: The flow chart of substance transport from bee to bee shows the dependence
of the mortality rate of a certain bee class on the exposition of the respective bee class. The
mortality of a bee is a function of its exposure, as the exposure of a bee in the transport
chain is a function of the mortality of the previous bee.
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figure 23: Effects on the different classes in the food chain after exposure to a model
substance with larvae beeing as sensitive to the substance as adult bees.
figure 24: Effects on the different classes in the food chain after exposure to a model
substance with larvae beeing sensitive to the substance than adult bees.
table 4: Dimethoate was used as a model substance for the simulation of the mortality
of the different bee classes.
relative dose pm
adult forager food processor nurse larvae
0.5 LD50 (adult bees) 0.14 0.14 0.12 0.105 0.123
1 LD50 (adult bees) 0.50 0.50 0.25 0.125 0.025
2 LD50 (adult bees) 0.86 0.86 0.12 0.018 0.0006
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figure 25: Effects on the different classes in the food chain after exposure to a model
substance with larvae beeing less sensitive to the substance than adult bees.
figure 26: Effects on the different classes in the food chain after exposure to dimethoate.
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figure 27: Ed for the slope b = 1 is plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
figure 28: Ed for the slope b = 2.5 is plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
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figure 29: Ed for the slope b = 5 is plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
figure 30: Ed for the slope b = 7.5 is plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
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where (a) the contamination is relatively low and (b) the share of contaminated
nectar is relatively low. With increasing slope, the cases in which the separated
feedings have larger effects on the colony than the mixed feedings increase. In
general the interval between the minimal Ed and the maximal Ed increases with
increasing slope.
3.2.2.1 Dimethoate as a model substance
The effects on the different classes for dimethoate are plotted in Figure 32.
Ed larger than 0 means that the effects on the colony for a mixed consumption of
contaminated nectar is larger than the effects of the strictly separated consumption.
Vice versa, Ed smaller than 0 means that the effects on the colony level are larger
for the strictly separated consumption of the contaminated resource than for the
mixed feeding. In general, the effects for the mixed feeding are in most cases larger
than the effects of the separate feeding. The effects of the separated feeding are
larger on the colony level than the effects of the mixed feeding in cases where
(a) the contamination is low and (b) the share of contaminated nectar is low.
3.3 discussion
The results of the simulations show the dependence of effects on the colony level
on the transmission of effects via the chain of bees from different bee classes in
the colony, as well as the dependence on the feeding behaviour of the honey bee
colony.
3.3.1 Effect reducing quality of the consecutive worker bees’ chain
The effect of a certain bee in the chain of bees of different classes depends on the
survival of the previous bee in the chain. If the previous bee dies, no contaminated
resource reaches the latter bee in this model. Therefore, the chance death for a sin-
gle bee is a function of the exposition to a certain stressor (e.g., PPPs), whereas the
exposition of a certain bee within the chain of bees is a function of the mortality of the
previous bee in the resource chain model (Figure 22). Only the exposition of forager
bees depends on the contamination of the resource in the field (cres). In the case of
dimethoate the bee larvae are more sensitive to the stressor than the adult larvae
for low doses. Though having a higher LD50 for dimethoate, the larvae are more
sensitive for doses below the LD50 due to the higher slope b (Atkins, 1992). The
influence some substances may have on the orientation of honey bees and the hom-
ing flights (Henry et al., 2012; Decourtye et al., 2004) may have the same influence
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figure 31: Ed for the slope b = 10 is plotted as a function of the share of contaminated
honey and the concentration of the substance in the honey.
figure 32: Ed is plotted as a function of the share of contaminated honey and the concen-
tration of the substance in the honey for the toxicity parameters (LD50, b) of dimethoate.
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on the colony as the rejection of contaminated resources by death of forager bees.
The simulation outcomes imply that the potential high loss of foragers in the field
at high exposure concentrations—due to death or loss of orientation—may lead to
lower effects on the colony level than the transfer of lower concentrations through
the complete chain of bees to the potentially more sensitive larvae. As dead bees
are transported from the hive, the dead of bees at a later point in the task chain
of bees, may also lead to a reduction in effects on the colony level. It has to be
taken into account that every dead bee results in the substance elimination from
the honey bee colony and therefore may reduce the potential effects for bees that
would have come into contact with this substance portion at a later point in time.
As one forager bee does hand its nectar portion to one to three or more food pro-
cessing bees (Park, 1925), the linear chain may not be the most realistic approach.
Furthermore, the delayed effect of substances is not taken into account. A forager
bee may die due to the exposition to a toxic dose of a PPP after the resource portion
is handed over to the next bee in the task chain.
3.3.2 Investigation of the effect that certain kinds of exposure distribution and consump-
tion of resources have on the colony level
The results of the simulation show the difference between effects on the colony
level for different exposure scenarios. The effects may differ for (a) the mixed and
(b) the strictly separated feeding of contaminated resources to the honey bee colony.
Which feeding way shows the higher effects depends on the substance concentra-
tion and the ratio of contaminated resource in comparison to uncontaminated re-
sources. In general, the effects for the mixed feeding are lower than the effects for
separated feeding for scenarios with relatively low substance concentrations and
relatively low ratios of contaminated nectar. With increasing concentrations and
ratios, the effects for the separated feeding become relatively lower compared with
the effects of the mixed feeding.
Higher concentrations and higher ratios of a contaminated resource mean that
the total amount of incoming substance is also quite high. If this high amount of
substance is distributed equally within the colony, the ingested dose may reach for
many more bees a critical threshold, compared to the case where this high amounts
of substance are not shared. E. g., if an individual bee ingests a substance dose that
is twice as high than a dose that will lead to a mortality rate of 90 %, and another
bee ingests no contamination at all, or if this dose is shared between two bees, it
will make a difference in the probability of both bees to die. Shared contaminations
at high concenctrations and high uptake rates by the colony are more likely to kill
more bees when consumed mixed rather than discrete. These examples show the
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importance of investigating the transfer and distribution of toxic compounds in
the honey bee colony. Effects on the colony level may differ largely for different
outcomes of substance transfer and distribution within the colony.
It is not clear which feeding scenario may be assumed to be the more realistic
one. On the one hand, forager bees hand down incoming resources to some food
processor bees in the colony, which themself move around in the hive before stor-
ing the ripened nectar in honey cells in the periphery of the colony (Park, 1925;
Camazine, 1991). These processes of encounters and movements may be relatively
random. On the other hand, the storage may depend on the season. Contaminated
resources may be stored in a close area when foraged at a narrow time window of
the year. However, as the transport and storage of resources within the colony are
also used as communication means (Farina, 1996) and the transport and storage
processes are based on some pattern-generating dynamics (Camazine, 1991), they
might not be that random after all. A somehow discrete and not totally mixed
feeding may not simply be dismissed. Further research may bring insight into the
storage and feeding patterns of the honey bee colony in order to give more insights
into the distribution of PPPs that are brought via resources into the colony, as the
storage and feeding pattern may have higher or lower effects on the colony level.
3.4 conclusion
The theoretical examples in this chapter show that the direct effects of a stressor on
the honey bee colony may have an indirect effect on the substance transport and
distribution within the honey bee colony. Vice versa, the transport and distribution
of potentially contaminated resources may have an influence on the toxic effects on
the colony level. The thorough investigation of toxicokinetics and toxicodynamics
and the interplay between them of PPPs is crucial in order to fully understand
and predict the consequences of the exposition of forager bees to PPPs in the field
to the whole population in the colony. The model approach of the indirect pass-
ing on of effects via the worker bee chain may be integrated in a comprehensive
modelling approach towards the toxicokinetics of the honey bee colony in order
to predict the amount of contaminated resource that reaches a certain level within
the population that is structured by the task allocation of the female honey worker
bees (Figure 33). Repellent effects of PPP to honey bees (Rieth and Levin, 1988)
and the consequent avoidance of contaminated crops by honey bees may lead to
similar effects. However repellent effects are not further investigated in this thesis.
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figure 33: The indirect passing on of effects via the worker bee chain (bold arrows). It
may be integrated in a comprehensive modelling approach towards the toxicokinetics of
the honey bee colony in order to predict the amount of contaminated resource that reaches
a certain level within the population that is structured by the task allocation of the female
honey bee workers.
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T H E PA RT I T I O N I N G O F S U B S TA N C E S B E T W E E N WA X A N D
O T H E R M AT R I C E S I N T H E H O N E Y B E E C O L O N Y
Honey bees need to keep storages for their colony (see Chapter 2). Honey, bee
bread, and brood are stored in spatially distinctive patterns in the honey bee colony
to be consumed at a later point in time. A feral honey bee colony would build
their nest in a more spherical way, as a domesticated honey bee colony is forced
by the architecture of the hive to build the combs on the frames provided by the
bee-keeper. As the brood would be in the center of the nest, surrounded by bee
bread and honey, there is a very similar pattern found in artificial honey bee hives.
The brood is placed in the middle of a frame and is surrounded by bee bread
(Camazine, 1991; Seeley and Morse, 1976). Honey is placed in the periphery of
the frame. The frames are stacked in the honey bee hive. Bees tend to store honey
above the brood comb. This mechanism is exploited by the bee keeper by providing
empty frames above the brood comb. A so-called queen excluder keeps the egg
laying queen in a restricted part of the hive. The combs above the area that the
queen is able to reach will be used by the worker bees as a honey comb exclusively
(Butler, 1992). The smallest unit of storage is one cell filled with the respective
resource. The brood is also located in cells in the brood comb (Winston, 1987). A
model of the spatial distribution of honey, bee bread, and brood in the colony is
shown in Figure 34.
Bees build the combs in their nest from a substance produced by their own
bodies: beeswax. It is metabolized in cells of the fat body, the oenocytes, which
are associated with the wax glands (Hepburn et al., 1991; Winston, 1987). One of
the earliest accounts that correctly described the origin of the beeswax comes from
Hunter (1792). He observed that wax is synthesized by worker bees themselves, in
contrast to the opinion that the wax is gathered from plants in the environment
and brought into the hive by forager bees. This misconception had developed after
observing bees transporting other solid plant substances, pollen and resin, on their
hind legs to the colony. Hunter also described the physical origin of the wax scales.
Wax is secreted between the scales on the downside of the worker bee’s abdomen.
Beeswax is a fatty solid with a density of 0.96 g mL−1 and melts at about 65 ◦C
(Bernal et al., 2005). The beeswax is an ester wax composed of hydrocarbons (about
13 %), esters, and other aliphatic compounds (Opdyke, 1979). It is a very lipophilic
substance (Wallner, 1999). The synthesis of beeswax and the construction of cells
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build of slides of the three different 
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combs and pollen combs.
Combs are a system made of four different 
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figure 34: Honey, bee bread and brood are stored in spatially distinctive patterns in the
honey bee colony. A feral honey bee colony would build their nest in a more spherical way,
in contrast to domesticated honey bee colonies, that are forced by the architecture of the
hive to build the combs on the frames provided by the bee-keeper. As the brood would
be in the center of the nest, surrounded by bee bread and honey, there is a very similar
pattern found in artificial honey bee hives. The brood is placed in the middle of a frame
and is surrounded by bee bread. Honey is placed in the periphery of the frame. The frames
are stacked in the honey bee hive. Bees tend to store honey above the brood comb. This
mechanism is exploited by the bee keeper by providing empty frames above the brood
comb. A so-called queen excluder keeps the egg laying queen in a restricted part of the
hive. The combs above the area that the queen is able to reach will be used by the worker
bees as a honey comb exclusively.
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and combs is done by a certain age class of female honey bee workers, beside other
tasks (Figure 14) (Rösch, 1927; Seeley, 1982).
Compounds that are brought into the colony accumulate in the different ma-
trices of the colony according to their chemical properties and the properties of
the respective matrix (i. e., honey, bee bread, brood). Due to its high lipophilicity
beeswax may act as a sink for fat-soluble compounds, which may accumulate and
persist in the wax. Hydrophilic substances, on the other hand, may be found in
honey to a greater extent than in the wax (Wallner, 1999). The matrices that are lo-
cated in the cells have close contact to the wax that is surrounding them. A passive
distribution of substances between two matrices in close contact is possible. Con-
taminated resources may be brought into the hive where they accumulate in the
wax, as contaminated wax may contaminate clean honey and bee bread, as well
as the brood. In order to predict the exposure of bees that are consuming honey
and bee bread that was stored in the cells, as well as the exposure of the brood in
the cells to potential contamination, it is crucial to investigate the mechanisms that
drive the distribution between the wax and the different matrices.
4.0.1 Cell geometry and dimension
Honey bee combs are made of cylindrical cells with a hexagonal area. The cylindri-
cal cells narrow to the back with a pointed end. The combs consist of two layers of
cells, that are constructed back to back. As the two layers of cells are slightly shifted
in relation to the opposite layer, the pointed cells fit together to one unbroken unit
(Figure 35) (Meretz, 1963; Winston, 1987).
The width of the cells in a honey bee colony may differ (a) within the colony
in dependence on the larvae caste that are reared within the cells as well as the
resources that are stored within the cells, and (b) between colonies in dependence
on the beekeeping practice.
4.0.1.1 Caste and use related cell size variation
Cells occur in two different sizes in the honey bee colony. The worker brood sized
cells are the smaller cells, used to rear the worker brood. They are also usually used
to store bee bread. Drone brood sized cells a larger than worker brood sized cells, as
they are used to rear the larger drone brood. Honey is stored in worker brood
sized cells as well as drone brood sized cells. However, under natural conditions
honey is more often found in drone cells (Butler, 1992).
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4.0.1.2 Beekeeping practice related cell size variation
The size of the cells may be set by the bee-keeper by providing the colonies with
wax foundations with a fixed cell size. Some bee-keepers prefer larger cells because
it is believed that larger cells in a colony may increase the honey yield. However,
since the early 90’s an opposite trend evolved. It has been discussed if smaller cells
may protect the colony against varroa mite infestions (Erickson et al., 1990a; Berry
et al., 2010). As the beeekeepers may determine the cell sizes for the colonies within
a certain range by providing foundations with a certain cell size, it is important
to investigate the potential influence the variation of cell size may have on the
potential accumulation of substances in wax or storages.
4.0.2 A potential scenario of repeatedly long-term acaricide use
A mechanistic model may be used to make predictions for the outcome of different
scenarios. Long-term acaricide application to the same colony with the potential
acaricide accumulation in the hive is a scenario that is of interest for discussions
about the health of honey bee colonies (Johnson et al., 2010). Acaricides are pesti-
cides used against the honey bee parasite Varroa destructor (Anderson and True-
man, 2000). They are applied inside the hive and are spread by bees in the colony.
Lipophilic acarides may accumulate in the wax and migrate into the stored matri-
ces, as, for example, honey (Wallner, 1999). The health of bees may be at risk if
concentrations increase over time to a level that shows effects on bees. A possible
scenario is the long-term application of τ-fluvalinate to the honey bee colony.
4.1 material and methods
In order to derive the substance concentrations in beeswax and the matrices that
are surrounded by the wax from a known amount of substance, to which the wax
and the matrices are exposed, one has to take into account the following:
• the volumes of the respective wax and matrix compartment
• the mass fractions of the substance in the wax and the matrix (in equilib-
rium).
4.1.1 The calculation of mass fractions within wax and the matrices
In a two-compartment-system a substance partitions between the two compart-
ments in dependence on the partition coefficient K comp. 1
comp. 2
for the respective sub-
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stance. The mass fractions of the substance in a wax-matrix-system are calculated
in dependence on the wax-matrix partition coefficient K wax
matrix
with the partition-
ing between the two compartments being at its equilibrium, with Equation 9 and
Equation 10.
f(substance in wax) =
1
1+ 1
K wax
matrix
Vwax
Vmatrix
(9)
f(substance in matrix) =
1
1+ K wax
matrix
Vwax
Vmatrix
(10)
f represents the mass fraction of the total substance mass in the respective compart-
ment (wax, matrix). The partitioning depends on the volumes of the compartments
(Vwax, Vmatrix).
4.1.1.1 The partition coefficients between wax and the in-hive matrices
The distribution between the matrix and the surrounding wax is calculated consid-
ering the partition coefficient of wax and the respective matrix. The partition coeffi-
cient K wax
matrix
describes the ratio of substance concentration in wax and the substance
concentration in the respective matrix in equilibrium. It is derived from the quo-
tient of the partition coefficients of the respective compartments with water (K wax
water
,
K matrix
water
), which describes the ratio of partitioning between the respective compart-
ment and water. K wax
matrix
is derived from the partition coefficients K compartmenti
water
, which
is calculated considering the different chemical constituents of the compartments
(i = wax, honey, bee bread, brood). The respective partition coefficients K compartmenti
water
are then used to derive the partition coefficient K wax
matrix
(Equation 11).
Kwax/matrixi =
Kwax/water
Kmatrix i/water
(11)
The partition coefficient K comp.
water
for the partitioning of a substance between a
compartment and water is derived considering the partition coefficient of differ-
ent chemical constituents of the compartments Equation 12 (Schwarzenbach et al.,
2005).
K comp.
water
=∑
i
fi K comp. i
water
(12)
The compartment-water partition coefficient K comp.
water
is calculated considering the
fractions of water, lipids, proteins, and carbohydrates and their proportional vol-
ume in relation to the overall compartment volume (Equation 13).
K comp.
water
= flipid K lipid
water
+ fcarb. K carb.
water
+ fprotein K protein
water
+ fwater K water
water
(13)
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The water-water partition coefficient K water
water
is 1. The lipid-water partition coefficient
K lipid
water
, the carbohydrate-water partition coefficient K carb.
water
, as well as the protein-
water partition coefficient K prot.
water
may be derived from the log KOW of the respective
substance of interest (Schwarzenbach et al., 2005; Hung et al., 2010) (Equations (14)
to (16)).
K lipid
water
= 3.2 K0.91OW (14)
log K carb.
water
= 0.741 log KOW − 1.86 (15)
log K protein
water
= 0.7 log KOW (16)
Though the KOW is generally considered to be a sufficient surrogate for the parti-
tioning between lipids in biological organisms and water (Arnot and Gobas, 2006;
Mackay, 1982), Equation 14 is a more appropriate representation for the partition-
ing between highly lipophilic, non-polar compounds, and water (Schwarzenbach
et al., 2005). This approach is choosen as wax is regarded as a very apolar and
lipophilic substance (Wallner, 1999). The volume fractions of the different chemi-
cal constituents of wax and the matrices are calculated considering the chemical
composition of each and the densities of the respective chemical constituents de-
rived from literature (Tables 5 and 6).
4.1.1.2 Calculation of the cell dimensions
The calculation of the mass fractions of a substance in the wax-matrix two-com-
partment-system with Equation 9 and Equation 10 depends on the volume ratio of
wax and the respective matrix. To obtain this ratio the geometry and scale of the
cells in the combs have to be investigated. A geometrical model of the honey bee
cell is derived and volumes of the compartments are calculated. The geometrical
model of the cells is derived from the natural shape of the cells (Figure 35). The
model does not take the pointed backs of the cells into account. The honey bee cells
are assumed to be cylinders with a regular hexagonal area, see Figure 36. The area
A of a hexagon may be calculated with Equation 17 when the apothem a, which is
equivalent to the cell width, is known.
A =
3
2
a2
√
3 (17)
The volume V of a prism is calculated by multiplying the area A with the height h
Equation 18.
V = A h (18)
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cell width
cell height
figure 35: Natural honey bee combs consist of two layers of cells, that are constructed
back to back. The cells are hexagonal cylinders with a pointed end. As the two layers of
cells are slightly shifted in relation to the opposite layer, the pointed cells fit together to
one unbroken unit. Figure according to Meretz (1963).
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figure 36: The model of the honey bee comb cell is a hexagonal prism. Values for cell
width and cell height are needed to calculate the volume of the cell walls and the cell
content.
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The thickness of the cell wall has to be taken into account for the calculation of the
volume of the wax compartment. The volume of the wax has to be substracted from
the volume of the total cell to obtain the volume of the matrix that is stored within
the cell. The conversion between volumes and masses is done by using the density
of the respective compartment derived from the literature (Table 5). The density
for bee bread was calculated from the mass fractions of its chemical constituents
and their respective densities (Equation 19).
ρcomp. =
1
Vcomp.
∑
i
mconstituent i (19)
The cell dimensions, e. g., the volume of the wall and the the potential volume for
a stored resource, are calculated for four different cell sizes. Literature values are
derived to determine the dimensions of the following cell types:
• the smallest possible cell,
• the average worker cell,
• the average drone cell,
• the largest possible cell.
4.1.2 The influence of the cell dimensions on the partitioning behaviour
The partitioning behaviour of substances between the two-compartment-systems
(a) wax and honey and (b) wax and bee bread is determined for four different
cell sizes (Section 4.1.1.2), using the model approach presented (Section 4.1.1.1).
Furthermore, the dependence of the partitioning behaviour on the log KOW of the
substance is investigated.
4.1.3 Prediction of partitioning behaviour
The partition coefficient K wax
honey
for four pesticides (malathion, coumaphos, τ-fluvalinate,
and bromopropylate) between honey and wax is calculated with the presented
model approach. The theoretical determined K wax
honey
is compared to experimental
results for K wax
honey
from the literature.
4.1.4 A scenario of continuous acaricide application
A recommended application of τ-fluvalinate is the application of 800 mg τ-fluvalinate
per hive, twice a year (Tsigouri et al., 2001). Only up to 10 % of the active ingredient
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diffuses from the product formulation; The formulation usually is a strip contain-
ing the active ingredient. The strip is fixed at the inside of the hive (Bogdanov et al.,
1998). Therefore the recommended usage represents the uptake of up to 160 mg of
τ-fluvalinate per colony per year.
The investigated model hive is set to consist of 20 kg of honey in average cell
width of typical honey bee worker cells (a = 5.2 mm), representing 376 g or 452 mL
of wax. The honey is removed from the hive twice a year, either by consumption
or by harvest. Substance concentrations in wax and honey are assumed to be in
equilibrium before removement of the honey. The substance in the honey is re-
moved from the colony with the honey. The bee bread and the brood, as well as
the worker bees that may adsorp or absorp substance from the wax or the honey
(independent of honey removal) are neglected in this scenario.
4.1.5 Implementation
The implementation of the developed submodels is done in Microsoft Excel (Mi-
crosoft, 2010).
4.2 results
4.2.1 Chemical constituents of the compartments
Information about the chemical constituents of the different compartments are
listed in Table 5. Information about the chemical composition of the investigated
compartments wax, honey, and pollen (equivalent to bee bread) are derived from
Ball (2007); Herbert and Shimanuki (1978); Wallner (1999); White Jr and Rudyj
(1978). The data is listed in Table 5. The information about mass fractions of the
different chemical constituents in the compartments are used to derive the volume
fractions of the compartments (Table 7). Wax entirely consists of fats and is a very
polar compound. As beeswax is an ester wax composed of hydrocarbons (about
13 %), esters and other aliphatic compounds (Opdyke, 1979), the K wax
water
is repre-
sented by the K lipid
water
. Honey is assumed to be a mixture of water and carbohydrates
(Ball, 2007).
4.2.2 Calculation of the cell dimensions
The width of the cells from worker combs naturally varies from about 4.9 mm to
5.5 mm (Erickson et al., 1990a,b). For most colonies the natural worker cell width a
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table 5: Densities of the chemical constituents glucose (as a surrogate for carbohydrates),
lipid and protein, and the compartments honey, bee bread, and wax.
constituent density reference[
g mL−1
]
Glycogen 1.29 Rickwood (1983),
in Yoon and Lim (2003)
Glucose 1.56 Lide (2005)
Lipid 0.94 Lewis (1970),
Gros and Feuge (1957),
Eiteman and Goodrum (1994)
Protein 1.35 Fischer et al. (2004),
Andersson and Hovmoller (2000)
Honey 1.4 Ahmed et al. (2007); Ball (2007)
Bee bread 1.22 calculated
Wax 0.95 Witherell (1992a)
table 6: Mass fractions of the different chemical constituents (carbohydrates, lipids, pro-
teins, and water) in the investigated compartments honey, pollen (equivalent to bee bread),
and wax.
compartment f(carb .) f(lip.) f(prot.) f(water)
Honey 0.8 0.0 0.0 0.2
Pollen 0.3 0.05 0.23 0.42
Wax 0 1 0 0
table 7: Volume fractions of the different chemical constituents (carbohydrates, lipids,
proteins, and water) in the investigated compartments honey, pollen (equivalent to bee
bread), and wax.
compartment f(carb .) f(lip.) f(prot.) f(water)
Honey 0.720 0.000 0.000 0.28
Pollen 0.230 0.064 0.204 0.502
Wax 0 1 0 0
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is about 5.1 mm to 5.2 mm and the cell height h is about 11 mm (Erickson et al.,
1990a,b; Seeley and Morse, 1976). The cell wall is about 0.0635 mm thick (Witherell,
1992b). The average width a of a drone cell is about 6.2 mm with the cell height
h = 12.5 mm (Seeley and Morse, 1976). The volumes for the surrounding wax and
the respective fillings per cell for different cell widths are given in Table 8. The
cells of the male brood, the drones, are bigger than worker cells. The ratio of the
wax volume to the volume of the matrix enclosed by wax within the cell varies
with cell width. The ratio r of wax to matrix volume is quite small with an average
value of about 0.02. This means that the combs constructed by honey bees is able
to enclose resources with a volume that is about 50 times higher than the volume
of the enclosing wax.
4.2.3 The influence of the cell dimensions on the partitioning behaviour
The simulation outcomes for the partitioning behaviour of model substances with
a log KOW range of −1 to 7 between the two-compartment-systems (a) wax and
honey and (b) wax and pollen are depicted in Figure 37 and Figure 38. Plotted
are the dependence of the mass fractions in the respective compartments on the
log KOW of the model substance for four different cell sizes.
For low log KOW values—below approximately −0.5—the mass fractions of sub-
stance in honey are higher than the mass fractions of the substance in wax. For
log KOW above about −0.5, the mass fractions in wax are higher than the mass
fractions in honey. For low log KOW values—below 4—the mass fractions of sub-
stance in bee bread are higher than the mass fractions of the substance in wax. For
log KOW above 4, the mass fractions of wax and bee bread are both around 0.5.
The mass fractions in the different compartments depend on the cell size. The
smaller the cell is, the higher is the mass fraction in the wax compartment. The
larger the cell is, the higher is the mass fraction in the honey or the bee bread
fraction.
The differences in fraction size for the different cell sizes become (a) larger for
the honey and wax system in the range of the log KOW of about 1 to 4 and smaller
again for log KOW values larger than about 4, and (b) larger for the bee bread and
wax system with an increasing log KOW.
4.2.4 Prediction of partitioning behaviour
The simulation outcomes for the partition coefficients between wax and honey
K wax
honey
for the four different pesticides (malathion, coumaphos, τ-fluvalinate, and
bromopropylate) and the experimental results that are derived from the literature
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table 8: Volumes and volume ratios for wax and the matrix that is surrounded by wax
per cell for different cell sizes.
parameter minimal average worker average drone maximal
cell width cell width cell width cell width
Cell width [mm] 4.9 5.2 6.2 7.0
Vwax [mL] 0.0056 0.0063 0.0085 0.0096
Vmatrix [mL] 0.2048 0.2513 0.4076 0.5209
r = VwaxVmatrix [1] 0.0276 0.0249 0.0208 0.018
figure 37: The partitioning of a substance between honey and wax depends on the
log KOW of the substance and the cell dimensions. The mass fractions of substances that
accumulate in equilibrium in honey and wax differ in dependence on four different cell
widths, ranging from 4.9 mm to 7.0 mm, and on substances with different lipophilicity,
ranging from a log KOW of −1 to 7. Solid lines show the substance mass fractions in wax,
dotted lines show the substance mass fractions in honey.
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(Tremolada et al., 2004) are depicted in Figure 39. The predicted partition coeffi-
cient K wax
honey
are the same as the mean values for malathion [log KOW = 2.36 (Li-
brary of Medicine, 2014)] and τ-fluvalinate [log KOW = 4.26 (MacBean, 2012)]. The
simulated outcomes for coumaphos [log KOW = 4.13 (MacBean, 2012)] and bromo-
propylate [log KOW = 5.4 (Library of Medicine, 2014)] are higher than the mean
value found in literature. However, they are still in the range of the standard devi-
ation of the experimental studies.
4.2.5 A scenario of continuous acaricide application
The simulation outcomes for the scenario of a continuous acaricide application
twice a year over ten years are depicted in Figure 40. Figure 40 shows the parti-
tioning of τ-fluvalinate between wax and honey over 10 years. The concentrations
of τ-fluvalinate increase in both compartments. The concentration of τ-fluvalinate
in wax is at all times about 4 orders of magnitude higher than the concentration in
honey. After ten years, the model outcome of the concentration of τ-fluvalinate in
wax reaches a value of 0.006 919 60 g mL−1. The model outcome for the concentra-
tion of τ-fluvalinate in honey reaches a value of 0.000 000 38 g mL−1.
4.3 discussion
The presented model is able to generate results for the partitioning behaviour of
substances with a known log KOW between the wax and the resources that are
stored in the wax cells. The total amount of substance that may be found in a cer-
tain compartment in equilibrium depends on the chemical composition and the
volume ratio of the respective compartment in comparison to the second compart-
ment in the two-compartment-system. As the ratio of concentration in the two
compartments between a substance distributes equally in equilibrium despite dif-
ferent volumes, the mass fractions of the total mass of substance that accumulates
in the respective compartment may vary.
As an example for the dependence of the distribution of substances between
compartments on the cell width, Figure 37 shows the calculated mass fractions in
equilibrium in wax and honey and Figure 38 shows the calculated mass fractions
in equilibrium in wax and bee bread—with honey and bee bread as two examplary
matrices—for the four different analysed cell widths for substances with different
lipophilicity, ranging from a log KOW of −1 to 7. The substance mass fractions
in wax grow with increasing log KOW, whereas the substance mass fractions in
honey and bee bread decrease with increasing log KOW. However, the dynamic of
the mass fractions in wax and the matrix differ for honey and bee bread. In the
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figure 38: The partitioning of a substance between bee bread and wax depends on the
log KOW of the substance and the cell dimensions. The mass fractions of substances that
accumulate in equilibrium in bee bread and wax differ in dependence on four different
cell widths, ranging from 4.9 mm to 7.0 mm, and on substances with different lipophilicity,
ranging from a log KOW of −1 to 7. Solid lines show the substance mass fractions in wax,
dotted lines show the substance mass fractions in bee bread.
figure 39: The simulated outcomes for the logarithmic partition coefficients of bromo-
propylate, coumaphos, τ-fluvalinate, and malathion between wax and honey are compared
with experimental results (Tremolada et al., 2004). The substances are ordered with increas-
ing log KOW from left to the right.
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honey-wax-system, there is only a narrow range of the log KOW, in which the mass
fractions of honey and wax are of about the same size (about 0.5 < log KOW < 1).
In the example of bee bread, this range of approximately equal mass fractions in
wax and the enclosing matrix bee bread is wider (at least for 6 < log KOW < 7). Fur-
ther, the mass fractions of substance in bee bread are significantly higher for more
lipophilic substances than in honey. The slope of the decreasing mass fractions in
dependence on the increasing log KOW is steaper for the simulation outcomes of
honey than for bee bread. Honey is assumed to consist only of sugar and of water
(Table 5). Any lipid or protein content is neglected. As the method for deriving par-
tition coefficients by Hung, Lin, and Chiou (2010) leads to carbohydrates having
an even lower partition coefficient (log K carb.
water
) than water (log K water
water
) for substances
with low log KOW values (Equation 15), only hydrophilic substances with a low
log KOW (< 1) have higher mass fractions in honey than in wax.
As bee bread consists of considerable amounts of lipids (lipophilic, attractive for
substances with higher log KOW values, Equation 14) and protein (more lipophilic
than water, Equation 16), as well as carbohydrates and water, the mass fractions of
substances that are calculated for the bee bread are higher than the mass fractions
of substances in honey for the same log KOW range. The simulation outcome im-
plies that bee bread is potentially more at risk to accumulate lipophilic substances
over the time it is stored in the wax than honey, or to discharge less lipophilic sub-
stances into wax than honey, respectively. Vice versa, according to the simulation
outcomes honey is more at risk to accumulate hydrophilic substances from wax,
or to discharge less hydrophilic substance into wax than bee bread.
The substance mass fractions show a dependence on the cell size. With an in-
creasing honey to wax ratio and bee bread to wax ratio, respectively, the substance
mass fractions in honey and bee bread increase. The cell size is most influencial
on the substance partitioning between wax and honey in a log KOW range of about
1 to 3. For the partitioning between bee bread and wax the influence of the cell
size increases with increasing log KOW, as the simulation outcomes for the mass
fractions for the same compartment diverge with increasing log KOW.
Further studies may help to evaluate the predictions for the other matrices that
are stored in wax rather than honey, namely the brood and the bee bread. As the
model only calculates the partitioning of substances between the compartments
in equilibrium, the potential time course of the substance partitioning is lost. If
an equilibrium was not reached in the mean storage time until consumption (i. e.,
honey, bee bread) or development time until emergence (i. e., brood), the predic-
tion would not be accurate. This could result in under- or overestimations of sub-
stance concentrations in wax and the different matrices. The time dependence of
the substance partitioning between wax and the different matrices should be in-
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vestigated with further experiments for substances of different substance classes
and with varying physicochemical properties. Potential decay of a substance in
the compartments and the overall persistency in the honey bee colony are also
important information for accurate model predictions. One has to keep in mind
that the water and lipid solubility have also to be taken into account for realistic
predictions of the maximal concentrations in the compartments, in order to make
predictions about the partitioning behaviour of substances in the colony. From this
partitioning behaviour a potential exposure of substances to honey bees may be
assessed.
Considering the scenario of a continuous application twice a year of τ-fluvalinate
over 10 years, the concentration of τ-fluvalinate increase in wax and honey. Though
after 10 years the concentration in honey (0.38 µg/mL) is still below a concentra-
tion that could expose worker bees in the colony to doses in the range of the LD50
values of τ-fluvalinate for honey bees via ingestion (LD50 (ingestion) : 163 µg/bee
(MacBean, 2012)). A bee would have to ingest about 428 mL of honey to be ex-
posed to the LD50 of τ-fluvalinate. This is not in a realistic range of ingested food
for worker bees (Figure 16). However, this concentration may pose a risk to queen
bees, if τ-fluvalinate might be found in a similar concentration in jelly as it is found
in honey when chronic exposure and chronic effects are taken into consideration.
However, the concentration in wax may have reached a level that could expose risk
to bees with concentrations of 6919 µg/mL, considering the LD50 for contact ex-
posure of τ-fluvalinate for bees with 6.7 µg/bee (MacBean, 2012) and considering
the intense contact bees have to the wax in the colony. Further this contamination
in wax may expose a risk to in-hive bees of the comb building age class. As wax
may be chewed for recycling reasons, worker bees may also be orally exposed to τ-
fluvalinate through the wax. τ-fluvalinate shows a high persistency (Tsigouri et al.,
2001). The model predicts a potential risk for the health of honey bee colonies pro-
vided by the repeated application of lipophilic and persistent acaricides such as
τ-fluvalinate. The model colony—consisting only of 20 kg of honey and the respec-
tive amount of wax (376 g)—is smaller than a standard field sized colony (Seeley,
1995; Winston, 1987). If higher amounts of wax and other matrices were consid-
ered in this scenario, the dilution over the total compartments would be higher
and the concentrations in the respective compartments lower. In addition, there is
no further elimination taken into account than the elimination via honey removal
(due to ingestion by bees or beekeeping practice). There is no removal of wax from
the colony considered due to beekeeping practices in this simulated scenario. Con-
sidering the degradation behaviour, τ-fluvalinate is experimentally found to stay
stable in honey for more than 8 months, even at high temperatures of about 35 ◦C
to which honey may be exposed in the colony (Tsigouri et al., 2001). The investiga-
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tion of the degradation behaviour of τ-fluvalinate—and other acaricides that may
be applied to the colony in considerable amounts—over a time scale of years may
be a valuable asset for future considerations of the potential risk to which colonies
are exposed through the application of acaricides. However, the simulations do
not give any evidence for the safety or risk of τ-fluvalinate usage in honey bee
colonies. The example of τ-fluvalinate was used to show the possibility to use the
model approach in scenarios such as the presented acaricide application scenario.
Before a model is able to give any evidence for safety or risk of the application of
chemical substances, the time dependence of the substance transfer between wax
and the colony matrices has to be investigated and the model would have to be
validated by more experimental studies.
4.4 conclusion
The model approach presented in this chapter is able to generate realistic values
for the partitioning of substances between wax and honey in the range of literature
values. It may be a useful tool for a first impression of potential outcomes regard-
ing the partitioning of substances between wax and other matrices in the honey
bee colony. This model approach may be integrated in a comprehensive modelling
approach towards the toxicokinetics of the honey bee colony in order to predict the
exchange of substances between compartments that have very close contact to each
other, as the wax and the matrices that are stored inside the wax cells—resources
such as honey and bee bread, as well as the brood. Future research is necessary
to investigate the dependence on time of the partitioning of substances between
wax and other matrices. Figure 41 shows the integration of the partitioning of sub-
stances between beeswax and the matrices in the toxicokinetic model of the colony.
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figure 40: The concentrations of τ-fluvalinate in wax and honey increase over time. The
abbreviations at the x-axis denote the year and time of application. Therefore y1a1 is for
example the first application in the first year, y5a2 is the second application in the fifth
year.
Nectar
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Pollen
Bee bread
Forager 
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Food 
processor 
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QueenBrood
figure 41: The passive distribution of potential contaminations between the honey and
bee bread storages, the brood, and the wax that surrounds these compartments, as it is
integrated in the colony model. Wax is in close contact especially to the brood, as well as
stored honey and stored bee bread. Therefore it is crucial to take the partitioning of sub-
stances between wax and these other matrices (bold arrows) into account for the realistic
calculation of toxicokinetic processes in the honey bee colony.
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T H E S Y S T E M I C D I S T R I B U T I O N O F S U B S TA N C E S W I T H I N
B E E S — W I T H E M P H A S I S O N T H E H Y P O P H A RY N G E A L
G L A N D A N D J E L LY P R O D U C T I O N
Due to its biology, the honey bee colony is a very complex system. As discussed
in Chapter 2, the exposure of individual bees within the colony to plant protection
products (PPPs) may not be described with simple measures. Figure 42 depicts the
different compartments of the »superorganism« honey bee colony (Seeley, 1989;
Moritz and Fuchs, 1998), which are in constant contact with other compartments
that are build of different chemical constituents (Seeley, 1985, 1995; Winston, 1987),
and which are interfaced by a complex web of different processes. These processes
are mainly carried out by the female worker bees. Resources—with nectar and
pollen being the most important resources considering toxicokinetics of PPPs in the
honey bee colony—are brought into the colony by forager bees. Here the resources
are processed, distributed, stored, and consumed by different kinds of female in-
hive worker bees, the female queen, the male drones, and the brood (Chapter 2).
Physiologically based pharmacokinetic (PBPK) or toxicokinetic (PBTK) mod-
els, respectively, are mechanistic multi-compartmental models that simulate the
pharmaco-/toxicokinetics of an organism. The organism is assumed to be build
of several organs with different properties and volumes; these stationary organs
are connected through a connecting organ—which is the blood flow for most or-
ganisms (Leung, 1991) (Figure 43). PBTK-models are a sophisticated modeling ap-
proach for systems and scenarios with limited data (Chiu et al., 2007). Some of
the first models were developed for the evaluation of different drug administering
routes (Bischoff and Brown, 1966). They »are quantitative descriptions of absorp-
tion, distribution, metabolism, and excretion of chemicals in biota.« (Krishnan and
Andersen, 2001). PBTK-models are increasingly used as tools for the design of
toxicology experiments and for the conduction of extrapolations that are essential
for risk assessments (Krishnan and Andersen, 2001). Such a PBTK-model may be
an appropriate approach to simulate the toxicokinetics of complex systems con-
sisting of different spatial compartments, which are built from different chemical
constituents and are connected by some sort of flow.
The different compartments, e.g., honey storage, nurse bees and brood, represent
the organs of a traditional PBTK model. The worker bee flow with its bee-to-bee-
interaction as well as the resource flow are the driving force behind the transport
81
82 the systemic distribution of substances within bees
PollenNectar
Water
Resin
Ai
r Nurse bees
Drones
Cementing 
bees
Fanning bees
Hive 
defending 
bees
Queen
Cell cleaning 
bees
Queen 
attendants
Forager bees
Wax (honey)
Stored honey
Wax (pollen)
Stored pollen 
(bee bread)
Wax (brood)
Brood
Nectar 
processing 
bees
Pollen 
processing 
bees
Other probable 
routes of 
substance flow
Main flow of 
pollen and nectar
Bees’ 
development
Du
st
figure 42: Overview of the different compartments and the connective processes that play
a role in the potential distribution of PPPs in the honey bee colony. The compartments are
connected by a complex web of processes. These processes are carried by the mass of the
female honey bee workers for the most part. Dust is assumed to play a role only in cases of
misuse and accidents related to seed coatings for the potential contamination of the honey
bee colony. The toxicokinetically relevant processes are discussed in detail in Chapter 2.
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figure 43: A PBTK-model that was developed to predict concentrations of organic chem-
icals in fish. The chemical is taken up by the fish via the gills. The blood flow distributes
the substance within the fish, with the different organs, their differing volumes, and the
differing chemical properties taken into account (Stadnicka et al., 2012)
.
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of chemicals in the bee colony (Aliano and Ellis, 2008; Škerl et al., 2010); this is
analogous to the blood flow of classic PBTK models. However, the ecology of the
honey bee colony makes a more elaborate approach necessary: the colony is built
as a complex web of flows of resources within a flow of worker bees. A conceptual
model of a PBTK-approach towards the honey bee colony is presented in Figure 44.
Nectar and pollen are brought into the colony by forager bees, they processed by
worker bees (nectar to honey and pollen to bee bread), and they are stored in the
respective combs. Nurse bees consume nectar as an energy source and pollen as
a protein source in order to produce jelly to feed the brood and other adult bees.
In this chapter the focus is laid on a PBTK-approach for describing the transfer of
PPPs from ingested resources to the larval food (i. e., jelly).
The investigated resources are sugar syrup (which has a sugar content of 40 %
(w/w) and is therefore equivalent to some kinds of nectar (Doner, 1977)), pollen,
and water. The resource transfer is simulated for carbofuran, coumaphos, and
dimethoate. It is investigated if the method that is used to approach the parti-
tioning of substances between the ingested resource and the bees’ bodies has an
influence on the simulation outcomes by comparing the results of three different
approaches to determine the partition coefficient between syrup and bees, as well
as bees and jelly. The model output obtained from these analysises for the transfer
of carbofuran and dimethoate from syrup to jelly and larvae are compared to exper-
imental results from a study by Davis and Shuel (1988). In the study by Davis and
Shuel the nurse bees are fed contaminated syrup ad libitum. After a period of 72 h
the substance concentration is measured in jelly that is produced by nurse bees
and larvae that are fed with jelly. The model is designed to be executed analogous
to the design of this experimental study by Davis and Shuel.
5.1 material and methods
The process that is described in the model is the process of substance transfer from
a sugary solution that is ingested by nurse bees (i. e., nectar or honey in the honey
bee colony) into the jelly that is produced by nurse bees via the hypopharyngeal
gland (HPG)—a gland in the head of the honey bee (Figure 45). The model con-
siders the following assumptions: The nectar process as a part of the honey bee
colony comprises the uptake of processed nectar as honey by nurse bees. Over-
all, the nurse bee uses the honey as an energy source. The honey is transported
through the intestines to the rectal sac. During this transport substances may enter
the gut’s wall into the nurse bee’s body. The HPG as an organ within the nurse
bee’s body is set to be in equilibrium with the remaining body of the nurse bee.
The same concentration that is found in the body is assumed for this model to
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figure 44: Draft of the application of the PBTK idea to the honey bee colony. The pro-
cesses carried by worker bees—as the feeding of the queen, the larvae, and other adult
bees with jelly produced in the HPG—are the driving force of substance distribution. It
distributes the possible contamination between the different compartments in the honey
bee colony. Some of these compartments are in direct contact to each other, namely wax
and the matrices it surrounds. The picture depicts the toxicokinetically most important
compartments of the honey bee colony Chapter 2.
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be found in the HPG and vice versa. Whatever substance remains in the intestine
enters the rectal sac and remains there until the nurse bee will release the rectal
sac’s contents in a cleansing flight (Figure 45). The release of substance from the
rectal sac is not considered in this model. The substance in the nurse bee’s body
is assumed to be partitioned between the HPG and the jelly that the nurse bee
produces in the HPG. The jelly is then fed to the queen larvae. No partitioning of
substance in the larva is considered. The larva and the jelly that is ingested by the
larva are considered as a whole. Figure 46 depicts the model approach towards
the distribution of substance by the uptake of honey via the jelly production of the
nurse bee to the larva.
5.1.1 Model formalisation
The concentration in the target tissue compartment is calculated in a PBTK-approach
with a differential equation (Equation 20).
dCt
dt
=
(
Qt
(
Cp − Ct/Rt
))
/Vt (20)
Equation 20 is valid for a perfusion limited systems. The concentration in the target
tissue is calculated considering the rate of plasma flow (Qt) (i. e., the blood flow in
many PBTK-models), the substance concentration in the plasma (Cp), the substance
concentration in the tissue (Ct), the partition coefficient between the plasma and
the tissue (in equilibrium) (Rt) (Equation 21), and the respective tissue volume (Vt)
(Leavens, 2011).
Rt =
Ct
Cp
(21)
Ct represents the substance concentration in the respective tissue in equilibrium
with the substance concentration Cp in the respective plasma. The tissue concen-
tration in a diffusion limited system will be depending on the permeation area cross
product (PA) (Krishnan et al., 2010) (Equation 22).
dCt
dt
=
(
PA
(
Cp − Ct/Rt
))
/Vt (22)
The tissue concentration may depend on a constant k, which is a fitted constant
that may be interpreted as PA or Qt (Equation 23).
dCt
dt
=
(
k
(
Cp − Ct/Rt
))
/Vt (23)
The equation for describing the distribution of substance from the contaminated
syrup (equivalent to the plasma) (Cs) to the bee’s body (equivalent to the target
tissue) (Cb) is set as seen in Equation 24. k represents the parameter that determines
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figure 45: Flow of substance as it is assumed to happen in the nurse bee while digesting
syrup/honey and producing jelly. The nurse bee ingests syrup/honey as a carbohydrate
source for maintaining her body functions and to produce jelly which is fed to larvae. The
syrup/honey is transported through the intestine where it is digested. Nutrients as well
as contaminations, e.g. PPP, may be absorbed and distributed within the bee’s body.
Honey/
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figure 46: The model approach towards the dynamic relationships between the different
compartments that play a role in the potential transfer of substances from contaminated
syrup/honey through nurse bees, their hypopharyngeal gland, and jelly to larvae. The
concentration of substance in the HPG is assumed to be in equilibrium with the remaining
body of the honey bee. The transfer of substance between the bee’s body is calulated as a
partitioning of substance between the bee and the jelly in dependence on the log KOW of
the respective substance. The jelly is ingested by the larva.
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the diffusion, K bee
syrup
represents the partition coefficient between the syrup and the
bee, and VB represents the volume of the honey bee.
dCb
dt
=
(
k
(
Cs − Cb/K bee
syrup
))
/VB (24)
Partitioning of substance between the HPG and the jelly is calculated considering
the different partition coefficients K bee
jelly
and the chemical composition of the nurse
bees and the jelly (Equation 25) (Schwarzenbach et al., 2005).
fsubstance in jelly =
1
1+ K bee
jelly
Vbee
Vjelly
(25)
It is assumed in the model that a nurse bee produces as much jelly as 2.5 larvae
consume (Winston, 1987). The substance concentration in the larvae is calculated
considering the mean uptake of jelly by queen larvae of the respective age of queen
larvae that are used in the experiments by Davis and Shuel and the mean volume
of one queen larva of the respective age (Melampy et al., 1940).
5.1.2 Model parameters
The derivation of the parameters that are needed for the simulations is described
in the following.
5.1.2.1 Partition coefficients
The partition coefficient Rt is derived from the quotient of the partition coefficients
of the respective compartments with water (K bee
water
, K jelly
water
, K larva
water
). The partition co-
efficient describes the ratio of partition between the respective compartment and
water. Rt is derived from the partition coefficient K comp.
water
, considering different chem-
ical constituents and approaches to derive their partition behaviour. These meth-
ods are able to calculate the partition coefficient K comp.
water
, which then can be used to
derive the partition coefficient K comp. 1
comp. 2
(Equation 26).
K comp. 1
comp. 2
=
K comp. 1
water
K comp. 2
water
(26)
Compartment 1 represents in this case the tissue, i. e., the body of the bee, compart-
ment 2 represents the plasma, i. e., the syrup that flows through the bee’s intestine.
determination of K comp.
water
The partition coefficient of a substance between a
compartment and water K comp.
water
is calculated by considering the partition coefficient
of the different chemical constituents of the compartments (K comp. i
water
) and the volume
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fractions of the respective chemical constituent ( f i) (Schwarzenbach et al., 2005)
(Equation 27).
K comp.
water
= ∑
i
f i K comp. i
water
(27)
Three different methods are considered to derive K comp.
water
.
Method LIP A simple approach towards the compartment-water partition coef-
ficient K comp.
water
is the consideration of the lipid content of the compartment as the
driving force behind the partitioning behaviour. This method is further refered to
as LIP. The remaining fractions (e.g., protein and carbohydrates) of the compart-
ment are assumed to show the same partitioning behaviour as water (Equation 28).
K comp.
water
= flipid K lipid
water
+ fwater K water
water
(28)
The lipid/water partition coefficient K lipid
water
is assumed to be equal to the KOW. The
KOW is derived from the log KOW (Hermens et al., 2013). The KOW is generally con-
sidered to be a surrogate for the partition between lipids in biological organisms
and water (Arnot and Gobas, 2006; Mackay, 1982). It is defined as the ratio of the
concentrations of a dissolved substance in a two-phase system consisting of octanol
and water after the two phases have reached an equilibrium (OECD, 1995). KOW is
the coefficient for the partition of a substance between an octanol- and a water-phase.
The partition coefficient of a substance between two water phases K water
water
is equal
to 1. fi is the volume fraction of the respective compartment.
Method LCP The compartment/water partition coefficient K comp.
water
is calculated
considering the fractions of lipids, carbohydrates, proteins, and water, taking into
account their proportional volumes in relation to the overall compartment volume.
This method is further refered to as LCP. The remaining fractions (e.g., minerals
and ash content) of the compartment are assumed to show the same partitioning
behaviour as water (Equation 29).
K comp.
water
= flipid K lipid
water
+ fcarb. K carb.
water
+ fprotein K protein
water
+ fwater K water
water
(29)
The water/water partition coefficient K water
water
is again set as 1. The lipid/water par-
tition coefficient K lipid
water
, the carbohydrate/water partition coefficient K carb.
water
, and the
protein/water partition coefficient K protein
water
are derived from the KOW (Hung et al.,
2010; Schwarzenbach et al., 2005)(Equation 30 - Equation 32).
K lipid
water
= 3.2 K0.91OW (30)
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log K carb.
water
= 0.741 log KOW − 1.86 (31)
log K protein
water
= 0.7 log KOW (32)
Though the KOW is generally considered to be a sufficient surrogate for the par-
tition between lipids in biological organisms and water (Arnot and Gobas, 2006;
Mackay, 1982), Equation 30 is a more appropriate representation for the partition
between highly lipophilic, non-polar compounds and water (Schwarzenbach et al.,
2005).
Method ENDO The partition coefficients K comp.
water
for carbofuran and coumaphos
for the respective compartments are derived from the more elaborate method of
Endo, Brown, and Goss (2013) with the respective data necessary for the determina-
tion of K comp.
water
from the UFZ-LSER database (Endo et al., 2014). The model estimates
partition coefficients of organic chemicals in equlibrium from water to an organ-
ism or its tissues by taking into account the »detailed organism and tissue com-
positions (i. e., contents of storage lipid, membrane lipid, albumin, other proteins,
and water) and polyparameter linear free energy relationships (PP-LFERs)« (Endo
et al., 2013). It is a tool for »useful implications for validity of lipid-normalization
of concentrations in organisms, interpretation of biomonitoring results, and assess-
ment of toxicity« (Endo et al., 2013). The respective fractions of lipid and protein
fractions of the compartments are taken into consideration for the calculations.
This method is further refered to as ENDO. The syrup-water partition coefficients
K syrup
water
(with syrup being a 40 % aqueous glucose solution) are calculated to be 3.60
for carbofuran and 0.06 for coumaphos (Kai-Uwe Goss, personal communication,
March 14, 2014). Lipid and protein fractions of the investigated compartments are
assumed to act equivalent to storage lipid and albumin. The remaining fractions of
the compartment are assumed to show the same partitioning behaviour as water.
Physiological parameters that are necessary for K comp.
water
Concentrations in the dif-
ferent compartments are calculated for each method using the partition coefficient
K comp. 1
comp. 2
and the respective volumes in contact to each other. The physiological val-
ues of the bees and the jelly that are necessary to calculate the partition coefficient
are derived from literature (Czoppelt and Rembold, 1970; Fahrenholz et al., 1992;
Kunert and Crailsheim, 1988; Melampy et al., 1940; Straus, 1911) and listed in Ta-
ble 9.
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5.1.2.2 Diffusion limitation
The constant k (Equation 24) is determined for the distribution of carbofuran and
dimethoate from a 40 % sugar solution (i. e., syrup), which represents the plasma
of a classic PBTK-model, to the body tissue of the nurse bee (Krishnan et al., 2010).
k is derived from experimental results of distribution studies over time in the nurse
bee body by Davis and Shuel (1988). k is assumed to be a product of the syrup flow
QS for honey bees, which is derived from the force feeding experiments, and the
parameter d (for diffusion) (Equation 33).
k = QS d (33)
14C-labelled carbofuran and dimethoate were force-fed to female worker honey
bees and the distribution in the digestive organs, the rectal sac and the organs of
the honey bee body were measured. The concentrations in the respective compart-
ments are assumed to be proportional to the radioactive decay and therefore to
the disintegrations per minute (Davis and Shuel, 1988). In the model, the concen-
tration in the HPG is set to be in equilibrium with the concentration in the whole
nurse bee body. The data for the distribution of substance in the honey bee body
by Davis and Shuel are shown in Figure 47 and Figure 48.
The parameter d is fitted by the eye for the simulation outcomes of the amount
of substance in the bee to reach the maximal amount in bees found in the study by
Davis and Shuel within the first 4 h (4 significant digits). The maximum amount of
substance in bees is 24.54 dpm, equivalent to 63 pg for carbofuran, and 13.55 dpm
for dimethoate, equivalent to 85 pg. As a worst case approach no elimination is
considered after uptake of substance by the bee from the intestines in the model.
5.1.2.3 Apis mellifera specific parameters
The total volumes and fraction volumes of the different chemical constituents
of worker bees and larvae are calculated considering the chemical composition
of each and the densities of the respective chemical compartments ρcomp. (Equa-
tion 34).
ρcomp. =
1
Vcomp.
∑
i
mconstituent i (34)
Vcomp. represents the volume of the respective compartment and ∑i mconstituent i
represents the sum of the masses of the chemical constituents of which the com-
partment is composed.
The necessary physiological data are derived from Czoppelt and Rembold (1970);
Fahrenholz, Lamprecht, and Schricker (1992); Kunert and Crailsheim (1988); Melampy,
Willis, and McGregor (1940); Straus (1911). The queen larvae in the experiments by
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figure 47: 14C-carbofuran transport in the nurse bee to which the parameter d is fitted.
figure 48: 14C-dimethoate transport in the nurse bee to which the parameter d is fitted.
92 the systemic distribution of substances within bees
Davis and Shuel (1988) were of an age of about four days at the end of the exper-
iments. The data that are brought in for these calculations are shown in Table 9
and Table 10. Mass fraction values for the jelly that is fed to queen larva are taken
from Haydak (1943) and converted to volume fractions with Equation 34.
As the data for the body composition of the different life stages of honey bee
worker bees are scarce, no characteristic composition of nurse bees is considered.
The respective data is derived for generic female worker bees. The syrup flow QS is
calculated considering the sugar demand of worker bees (Rortais et al., 2005). With
no data available for the explicit nectar demand of nurse bees, the sugar demand of
forager bees is taken into account. With forager bees having the highest demand for
sugar of all known sugar demands by worker bees that perform different tasks, it
seems to be appropriate to take the sugar demand of forager bees into account as
a worst case consumption scenario for female worker bees of all age classes.
5.1.3 Simulated scenarios
In the following, the simulated scenarios are described.
5.1.3.1 Transfer of carbofuran and dimethoate from sugar syrup to jelly and larvae
The potential transfer of substance is simulated for carbofuran and dimethoate.
Nurse bees are feed ad-libitum spiked syrup with a sugar content of 40 %. The con-
centration for carbofuran in syrup is 5075 dpm /mL, equivalent to 12 864 pg mL−1,
and 1865 dpm /mL for dimethoate, equivalent to 11 350 pg mL−1. Nurse bees con-
sume the syrup for 72 h and produce jelly which they feed to queen larvae. The
simulation is set up regarding the experiment by Davis and Shuel. Simulation out-
comes are compared with the experimental results of this study (Davis and Shuel,
1988).
5.1.3.2 Transfer of coumaphos from syrup to jelly and larvae
To calculate the transfer of coumaphos from sugar syrup to jelly and larvae, the
parameters for diffusion limitation were obtained from carbofuran, as there are
no experimental data to derive these parameters for coumaphos (Section 5.1.2.2).
There are no experimental data available to which the simulated outcomes can be
compared.
5.1.3.3 Transfer of carbofuran and dimethoate from pollen and water to jelly
According to the parameters that describe the diffusion limitation (Section 5.1.2.2)
that were derived for the substance transfer from sugar syrup to the bee’s body, the
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table 9: Mean body weight and volume of female worker bees and queen larvae of the
respective age that were used in the experiments by Davis and Shuel (1988), as well as
composition of female worker bees and queen larvae in order to derive the partition coef-
ficients between the bodies and other matrices (Czoppelt and Rembold, 1970; Fahrenholz
et al., 1992; Kunert and Crailsheim, 1988; Melampy et al., 1940; Straus, 1911).
compartment glycogen glucose lipid protein
[mg per bee]
Worker bees 0.35 0.11 1.77 12.09
Queen
larvae
– 0.99 1.43 4.56
compartment wet weight [mg ] volume [mL ]
Worker bees 119 0.114
Queen
larvae
45 0.042
table 10: Physical density of the different chemical constituents of which the compart-
ments are composed in this model.
constituent density reference[
g mL−1
]
Glycogen 1.29 Rickwood (1983),
in Yoon and Lim (2003)
Glucose 1.56 Lide (2005)
Lipid 0.94 Lewis (1970),
Gros and Feuge (1957),
Eiteman and Goodrum (1994)
Protein 1.35 Fischer et al. (2004),
Andersson and Hovmoller (2000)
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simulation is also done for the transfer of carbofuran and dimethoate from pollen
(Equation 35) and water (Equation 36) to the honey bee’s body.
dCb
dt
=
(
k
(
Cpl − Cb/K pollen
bee
))
/VB (35)
dCb
dt
=
(
k
(
Cw − Cb/K water
bee
))
/VB (36)
Cpl represents the substance concentration in pollen, as Cw represents the sub-
stance concentration in water. The substance concentration in pollen and the water
were assumed to be the same as the substance concentration for carbofuran and
dimethoate, respectively, in syrup (Section 5.1.3.1)) There are no experimental data
available to which the simulated outcomes can be compared.
5.1.3.4 Implementation
The implementation of the model is done in R (R Core Team, 2014), version Pumpkin
Helmet.
The differential equations are solved using the package deSolve (Soetaert et al.,
2010).
5.2 results
The outcomes for the calculations of the partition coefficients, the determination
of the diffusion limitation, the Apis mellifera specific parameters, and the model
output for the substance transfer simulations are listed in the following.
5.2.1 Partition coefficients
The partition coefficient K comp.
water
is derived for each of the three methods (the method
for deriving the partitioning behavior of a compartment taking the lipid content
into account (LIP), the method for deriving the partitioning behavior of a compart-
ment taking the lipid, carbohydrate, and protein content into account (LCP), and
the method for deriving the partitioning behavior of a compartment according to
Endo, Brown, and Goss (2013) (ENDO)) for the syrup, the nurse bee, and the jelly.
In the case of dimethoate, the conduction of the method ENDO was not possible
due to a lack of data for dimethoate in the UFZ-LSER (Endo et al., 2014).
Table 11 lists the predicted partition coefficients for the partitioning of carbofu-
ran, dimethoate, and coumaphos between the syrup and the nurse bee, as well
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table 11: log KOW values for carbofuran, dimethoate, and coumaphos (MacBean, 2012),
and the partition coefficients that are needed to calculate the distribution between syrup,
worker bees and jelly. The partition coefficients are calculated with the three different
methods explained in Section 5.1.2.1 (LIP, LCP, ENDO).
Method
substance parameter lip lcp endo
Carbofuran log KOW 1.52
K storage lipid
water
- - 19.1
K albumin
water
- - 37.5
K syrup
water
1 0.76 3.60
K pollen
water
2.42 7.74 9.75
K bee
water
1.37 3.03 4.10
K jelly
water
3.57 14.57 20.99
K bee
syrup
1.37 4.01 1.14
K bee
pollen
0.57 0.39 0.42
K bee
water
1.37 3.03 4.10
K bee
jelly
0.38 0.21 0.20
log KOW 0.704
Dimethoate K storage lipid
water
- - -
K albumin
water
- - -
K syrup
water
1 0.71 -
K pollen
water
1.21 2.06 -
K bee
water
1.05 1.37 -
K jelly
water
1.37 3.34 -
K bee
syrup
1.05 1.91 -
K bee
pollen
0.87 0.86 -
K bee
water
1.05 1.37 -
K bee
jelly
0.77 0.41 -
Coumaphos log KOW 4.13
K storage lipid
water
- - 5405.7
K albumin
water
- - 4627.5
K syrup
water
1 5.45 15.5
K bee
water
92.70 354.34 443.71
K jelly
water
637.13 2422.10 2881.76
K bee
syrup
92.70 65.03 28.63
K bee
jelly
0.15 0.15 0.15
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as between the nurse bee and the jelly derived with the three methods for the
calculation of partition coefficients (LIP, LCP, and ENDO).
Partition coefficients for the partitioning between the diverse compartments and
water for carbofuran and dimethoate are lower as the partition coefficients for the
partitioning of coumaphos, which has a higher log KOW. The only exception here
is the partition coefficient for the partitioning between the bee and the jelly. The
partition coefficient for coumaphos is lower as the jelly is the compartment with
higher fractions of protein and lipid that influence the partitioning of a lipophilic
substance in favor of the jelly.
5.2.2 Diffusion limitation
Figure 49 and Figure 50 show the simulation outcomes (LIP, LCP, ENDO) for
the transfer of carbofuran and dimethoate from the intestine into the bee’s body,
which is assumed to be in equilibrium with the HPG. The dynamic of carbofuran
transfer into the bee’s body, that is calculated with the partition coefficients derived
by the method ENDO, fits the decrease in substance in the bee’s body after 4 h
best, followed by the method LCP. The dynamic of dimethoate transfer into the
bee’s body that is calculated with the partition coefficients derived by the method
LIP fits the decrease in substance in the bee’s body after 4 h best, followed by the
method LCP. The simulation outcomes for the maximal concentrations in the bee’s
body after 4 h for all two and three methods, respectively, exceed the experimental
results by three orders of magnitude.
The constant d is fitted by the eye for the three different partition coefficient de-
riving methods. The results are listed in Table 12. The parameter d for the diffusion
limitation is similar for both substances in all three methods and quite low (about
0.037 to 0.048) (Table 12). The parameter k is the constant d multiplied with the
flow QS of force-fed syrup to nurse bees from the study by Davis and Shuel (1988)
(QS = 0.006 25 mL h−1). Figure 49 and Figure 50 show the simulation output of the
dynamics of the carbofuran and dimethoate concentration without considering any
diffusion limitation (d = 1). Figure 51 and Figure 52 show the simulation output
of the substance concentration dynamics in the bee of carbofuran and dimethoate
using the diffusion constants listed in Table 12. HPG represents the experimental
results of the distribution study by Davis and Shuel (1988).
5.2.3 Apis mellifera specific parameters
The body volumes of worker bees and queen larvae of the respective age are listed
in Table 9. The fractions have to be considered in order to calculate the partition
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table 12: Results for the constants d and k to describe the diffusion limitation of the
substance kinetics in the nurse bee for carbofuran and dimethoate.
Method
substance diffusion constant lip lcp endo
Carbofuran d 0.037 07 0.037 00 0.037 12
k 0.000 232 0.000 231 0.000 232
Dimethoate d 0.0478 0.048 -
k 0.000 298 0.000 298 -
figure 49: Partitioning of carbofuran between the nurse bee’s body and the syrup in the
intestine, calculated with the parameters listed in Table 12 and compared to the results of
the study by Davis and Shuel (1988) (HPG). Calculations are done considering the partion
coefficients derived by the different approaches discussed in the text (LIP, LCP, ENDO).
No diffusion limitation is assumed (d = 1).
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figure 50: Partitioning of dimethoate between the nurse bee’s body and the syrup in
the intestine, calculated with the parameters listed in Table 12 compared to the results
of the study by Davis and Shuel (1988) (HPG). Calculations are done considering the
partion coefficients derived by the different approaches discussed in the text (LIP, LCP).
No diffusion limitation is assumed (d = 1).
figure 51: Partitioning of carbofuran between the nurse bee’s body and the syrup in the
intestine, calculated with the parameters listed in Table 12 and compared to the results of
the study by Davis and Shuel (1988) (HPG). Calculations are done considering the partion
coefficients derived by the different approaches discussed in the text (LIP, LCP, ENDO).
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coefficients between the bodies of the worker bees and other matrices. The param-
eters defining the volume fraction size for the different chemical constituents, out
of which the different compartments (worker bees, syrup, jelly) are composed, are
listed in Table 13. They are used in the calculations of the partition coefficients. The
water fraction varies for the three different approaches used to calculate the partiti-
ton coefficients as a varying combination of chemical constituents is considered in
the respective approaches. The water fraction does not only comprise water alone
but also the volume fraction of the respective not considered constituents.
5.2.4 Parameters for the simulations of the substance transfer from syrup into jelly
The parameters, that were derived to execute the simulations, are listed in Table 14.
5.2.4.1 Transfer of carbofuran and dimethoate from sugar syrup to jelly and larvae
Figure 53 to Figure 57 show the simulated transfer of carbofuran and dimethoate
from sugar syrup in the intestine into the honey bee’s body for the three different
methods to calculate partition coefficients. The ratio SIM.EXP. is the quotient of the
simulation outcomes and the experimental results.
The slope of the transfer simulations is the steepest when no diffusion limitation
is considered (QS). The slope of the transfer simulation for the consideration of
k for the diffusion limitation is less steep than the slopes for the simulations that
take QS and QS d into account. The same is the case for the maximal simulation
outcome for the amount of carbofuran and dimethoate in the body of the bee. The
highest amounts of carbofuran and dimethoate are simulated when no diffusion
limitation is taken into account. In case no diffusion limitation is considered (QS),
the simulated partitioning of carbofuran and dimethoate between the syrup in the
intestine and the body of the honey bee reaches an plateau. In the case of carbo-
furan, only in the case of the method LIP for describring the transfer with the
parameter for diffusion limitation (QS d), a plateau is reached. The nearest results
to the literature date are derived for carbofuran with the partition coefficients cal-
culated with the method ENDO and the diffusion limitation described with k = QS.
The simulation output for the concentrations of carbofuran and dimethoate in jelly
and larvae are shown in Figure 58 and Figure 59. The output of the simulations is
compared with the experimental data by Davis and Shuel (1988). The higher the
calculated partition coefficient K bee
syrup
is, the higher is the amount of carbofuran and
dimethoate that is simulated for the bee’s body. The highest simulation outcomes
for the amount of carbofuran and dimethoate are found in the jelly and the larva
for the method LCP when no diffusion limitation is taken into account.
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figure 52: Partitioning of carbofuran between the nurse bee’s body and the syrup in the
intestine, calculated with the parameters listed in Table 12 and compared to the results of
the study by Davis and Shuel (1988) (HPG). Calculations are done considering the partion
coefficients derived by the different approaches discussed in the text (LIP, LCP).
table 13: Calculated values of the different volume fractions of chemical constituents of
which the worker bees, the fed syrup and the produced jelly are composed: carbohydrate,
lipid, protein, and water. Water fractions have to be considered differently for each method
to derive the partition coefficients between the compartments (LIP, LCP, ENDO).
compartment f(carb .) f(lip.) f(prot.)
Worker bee 0.003 0.016 0.077
Jelly 0.145 0.111 0.493
Syrup 0.299 0.000 0.000
compartment f(wat.) [lip] f(wat.) [lcp] f(water) [endo]
Worker bee 0.984 0.904 0.907
Jelly 0.889 0.251 0.396
Syrup 1.000 0.701 1.000
5.2 results 101
table 14: Apis mellifera and study specific parameters that are substituted in the Equa-
tion 24 for the transfer simulations.
parameter description value unit reference
Cs (Carbofuran) Concentration of
carbofuran in syrup,
pollen and water
12 864 pg mL−1 Davis and Shuel
(1988)
Cs (Dimethoate) Concentration of
dimethoate in syrup,
pollen and water
11 350 pg mL−1 Davis and Shuel
(1988)
Cs (Coumaphos) Concentration of
coumaphos in syrup
12 864 pg mL−1
QS Flow of syrup
through the worker
bee
0.0013 mL h−1 Rortais et al. (2005)
QP Flow of pollen
through the worker
bee
0.0002 mL h−1 Rortais et al. (2005)
QW Flow of water
through the worker
bee
0.000 02 mL h−1 Seeley (1995)
VB Volume of the
worker bee’s body
0.12 mL Calculated
VQ Volume of the queen
larva’s body
0.047 mL Calculated
VU Uptake of jelly by
queen larvae of the
respective age in 72 h
0.038 mL Dietz and Lambre-
mont (1970)
VJ Volume of the pro-
duced jelly by one
nurse bee in 72 h
0.076 mL Calculated
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For further calculations of substance concentrations in jelly and larvae the maxi-
mum concentration in the bee is taken into consideration. The simulation outcomes
for the concentration of carbofuran and dimethoate in jelly and larvae for the dif-
ferent methods are listed in Table 15 and Table 16.
5.2.4.2 Transfer of coumaphos from syrup to jelly and larvae
The model output for the transfer of coumaphos from syrup to jelly and larvae is
listed in Table 17 and depicted in Figure 60 to Figure 63. The slope of the transfer
simulations is the steepest when no diffusion limitation is considered (QS). The
slope of the transfer simulation for the consideration of k for the diffusion limi-
tation is less steep than the slopes for the simulations that take QS and QS d into
account. The highest simulation outcomes for the amount of coumaphos are de-
rived in the jelly and the larva for the method LCP when no diffusion limitation
is considered. The maximum simulated amount of substance in the bee’s body is
higher for coumaphos than for carbofuran and dimethoate (Section 5.2.4).
5.2.4.3 Transfer of carbofuran and dimethoate from pollen and water to jelly
The model output for the transfer of carbofuran and dimethoate from pollen and
water to jelly and larvae is listed in Table 18 and depicted in Figure 64 and Fig-
ure 65. The simulation outcomes are one (pollen) to two (water) orders of mag-
nitude lower than the simulation outcomes for syrup for both substances (Sec-
tion 5.2.4). The highest concentrations of substance in the bee are derived for the
simulations when the parameter k, as a product of the syrup flow QS derived
from force-fed bees and the parameter d, that is derived to describe the diffusion
limitation, is taken into consideration.
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figure 53: Simulated outcomes of the diffusion of carbofuran from spiked and ad-libitum-
fed syrup into the nurse bee’s body. The simulations are done considering the partition
coefficients derived by the method LIP.
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figure 54: Simulated outcomes of the diffusion of carbofuran from spiked and ad-libitum-
fed syrup into the nurse bee’s body. The simulations are done considering the partition
coefficients derived by the method LCP.
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figure 55: Simulated outcomes of the diffusion of carbofuran from spiked and ad-libitum-
fed syrup into the nurse bee’s body. The simulations are done considering the partition
coefficients derived by the method ENDO.
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figure 56: Simulated outcomes of the diffusion of dimethoate from spiked and ad-
libitum-fed syrup into the nurse bee’s body. The simulations are done considering the
partition coefficients derived by the method LIP.
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table 15: Results of the simulation with start concentrations in the syrup derived from
the experiments by Davis, Shuel, and Peterson, as well as comparison of the simulated
concentrations in jelly and queen larva with their experimental results (1988). Diffusion
limitation is either not considered and the constant k for describing the diffusion limitation
(Equation 23) is assumed to be the product of QS (Table 14) and 1, or diffusion limitation is
considered by multiplying the syrup flow QS with the constant d (Table 12) or substituting
k with the product of the force-fed flow QS and d (k).
substance method dif .lim . jelly sim . jelly exp. ratio sim .exp.[
pg mg−1
]
Carbofuran 1.971
LIP QS 2.091 1.06
LIP QS d 1.844 0.94
LIP k 0.203 0.10
LCP QS 5.764 2.92
LCP QS d 0.467 0.24
LCP k 0.229 0.12
ENDO QS 1.920 0.97
ENDO QS d 0.431 0.22
ENDO k 0.220 0.11
Dimethoate 2.871
LIP QS 1.185 0.41
LIP QS d 0.354 0.12
LIP k 0.186 0.06
LCP QS 1.821 0.63
LCP QS d 0.434 0.15
LCP k 0.223 0.08
106 the systemic distribution of substances within bees
table 16: Results of the simulation with start concentrations in the syrup derived from
the experiments by Davis, Shuel, and Peterson, as well as comparison of the simulated
concentrations in jelly and queen larva with their experimental results (1988) (continued).
Diffusion limitation is either not considered and the constant k for describing the diffusion
limitation (Equation 23) is assumed to be the product of QS (Table 14) and 1, or diffusion
limitation is considered by multiplying the syrup flow QS with the constant d (Table 12)
or substituting k with the product of the force-fed flow QS and d (k).
substance method dif .lim . larva sim . larva exp. ratio sim .exp.[
pg mg−1
]
Carbofuran 1.309
LIP QS 2.261 1.73
LIP QS d 1.994 1.52
LIP k 0.219 0.17
LCP QS 6.230 4.76
LCP QS d 0.505 0.39
LCP k 0.247 0.19
ENDO QS 2.076 1.59
ENDO QS d 0.466 0.36
ENDO k 0.238 0.18
Dimethoate 2.848
LIP QS 1.281 0.45
LIP QS d 0.383 0.13
LIP k 0.201 0.07
LCP QS 1.969 0.69
LCP QS d 0.469 0.16
LCP k 0.241 0.08
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table 17: For the simulation the concentration of coumaphos in the syrup is assumed
to be equal to the concentration of carbofuran (Table 14). Diffusion limitation is either
not considered and the constant k for describing the diffusion limitation (Equation 23) is
assumed to be the product of QS (Table 14) and 1, or diffusion limitation is considered by
multiplying the syrup flow QS with the constant d (Table 12) or substituting k with the
product of the force-fed flow QS and d (k). The diffusion limitation describing parameters
are obtained from carbofuran (Table 12).
substance method dif .lim . jelly sim .[
pg mg−1
]
Coumaphos LIP QS 12.981
LIP QS d 0.502
LIP k 0.242
LCP QS 12.756
LCP QS d 0.509
LCP k 0.246
ENDO QS 11.849
ENDO QS d 0.538
ENDO k 0.259
substance method dif .lim . larva sim .[
pg mg−1
]
Coumaphos LIP QS 14.031
LIP QS d 0.543
LIP k 0.262
LCP QS 13.788
LCP QS d 0.550
LCP k 0.265
ENDO QS 12.807
ENDO QS d 0.582
ENDO k 0.280
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figure 57: Simulated outcomes of the diffusion of dimethoate from spiked and ad-
libitum-fed syrup into the nurse bee’s body. The simulations are done considering the
partition coefficients derived by the method LCP.
table 18: Simulated substance concentration in jelly and larvae after transfer of carbofu-
ran and dimethoate from pollen and water.
substance pollen jelly larva[
pg mg−1
]
Carbofuran 12.02 0.050 0.054
Dimethoate 10.61 0.126 0.136
substance water jelly larva[
pg mg−1
]
Carbofuran 12.02 0.006 0.006
Dimethoate 10.61 0.013 0.014
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(a) Consideration of QS for describing the diffusion limita-
tion.
(b) Consideration of QS d for describing the diffusion limita-
tion.
(c) Consideration of k for describing the diffusion limitation.
figure 58: Simulated concentrations of carbofuran in jelly and larvae for a transfer from
syrup through the nurse bee’s body into the jelly, considering three different methods to
derive parameters to describe the diffusion limitation (QS, d, k). Results are compared with
experimental results from Davis and Shuel (1988). The simulations are done for the three
different methods that are discussed in the text to derive the partition coefficients between
syrup and bees, as well as between bees and jelly (LIP, LCP, ENDO).
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(a) Consideration of QS for describing the diffusion limita-
tion.
(b) Consideration of QS d for describing the diffusion limita-
tion.
(c) Consideration of k for describing the diffusion limitation.
figure 59: Simulated concentrations of dimethoate in jelly and larvae for a transfer from
syrup through the nurse bee’s body into the jelly, considering three different methods
to derive parameters to describe the diffusion limitation (QS, d, k). Results are compared
with experimental results from Davis and Shuel (1988). The simulations are done for two
different methods that are discussed in the text to derive the partition coefficients between
syrup and bees, as well as between bees and jelly (LIP, LCP).
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figure 60: Simulated outcomes of the diffusion of coumaphos from spiked and ad-
libitum-fed syrup into the nurse bee’s body. The simulations are done considering the
partition coefficients derived by the method LIP. The simulation of the diffusion limitation
was done by consideration of the respective parameters QS, d, and k from carbofuran.
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figure 61: Simulated outcomes of the diffusion of coumaphos from spiked and ad-
libitum-fed syrup into the nurse bee’s body. The simulations are done considering the
partition coefficients derived by the method LCP. The simulation of the diffusion limita-
tion was done by consideration of the respective parameters QS, d, and k from carbofuran.
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figure 62: Simulated outcomes of the diffusion of coumaphos from spiked and ad-
libitum-fed syrup into the nurse bee’s body. The simulations are done considering the
partition coefficients derived by the method ENDO. The simulation of the diffusion limita-
tion was done by consideration of the respective parameters QS, d, and k from carbofuran.
5.2 results 113
(a) Consideration of QS for describing the diffusion limita-
tion.
(b) Consideration of d for describing the diffusion limitation.
(c) Consideration of k for describing the diffusion limitation.
figure 63: Simulated concentrations of coumaphos in jelly and larvae for a transfer from
syrup through the nurse bee’s body into the jelly, considering three different methods
to derive parameters to describe the diffusion limitation (QS, d, k). Results are compared
with experimental results from Davis and Shuel (1988). The simulations are done for two
different methods that are discussed in the text to derive the partition coefficients between
syrup and bees, as well as between bees and jelly (LIP, LCP).
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(a) Transfer from pollen.
(b) Transfer from water.
figure 64: Simulated concentrations of carbofuran in jelly and larvae for a transfer from
pollen and water through the nurse bee’s body into the jelly, considering QS to describe
the diffusion limitation and partition coefficients derived by the method LIP.
5.2 results 115
(a) Transfer from pollen.
(b) Transfer from water.
figure 65: Simulated concentrations of dimethoate in jelly and larvae for a transfer from
pollen and water through the nurse bees to the jelly, considering QS to describe the diffu-
sion limitation and partition coefficients derived by the method LIP.
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5.3 discussion
The physiologically based modeling approach may potentially be applicated to
the transfer of chemicals from resources (ingested by the nurse bee) into the jelly
(produced by nurse bees), which is fed to larvae (Figure 66, Figure 46). The par-
tition coefficients for carbofuran, dimethoate, and coumaphos, that were derived
by the method for deriving the partitioning behavior of a compartment taking
the lipid content into account (LIP), the method for deriving the partitioning be-
havior of a compartment taking the lipid, carbohydrate, and protein content into
account (LCP), and the method for deriving the partitioning behavior of a com-
partment according to Endo, Brown, and Goss (2013) (ENDO), showed a partition-
ing behaviour in favor of the compartments with larger fractions of lipids as well
as lipids and proteins, respectively, for the chemicals. Coumaphos, the substance
with the highest log KOW, shows the highest partition coefficients for the partition-
ing between the more and the less lipophilic compartments. The derivation of the
partition coefficients for dimethoate was not possible with the method ENDO. As
the method ENDO does not only take the log KOW of chemicals into account, it
is not possible to make any assumptions about the potential partition coefficients
derived by the method ENDO by taking the partition coefficients of substances
with a similarly low log KOW into account.
The simulated dynamic of carbofuran and dimethoate transfer into the bee’s
body fit the decrease in substance in the bee’s body after 4 h better with the lower
respective partition coefficient K bee
syrup
. The lower the K bee
syrup
is, the higher is the vir-
tual substance flow back from the bee’s body into the intestine. The simulation
outcomes for transfer of carbofuran and dimethote from the intestine into the
bee’s body for the three methods LIP, LCP, ENDO exceed the experimental re-
sults (Davis and Shuel, 1988) by three orders of magnitude.
Therefore transfer of carbofuran and dimethoate is assumed to be diffusion lim-
ited. Thus the parameter d for describing the diffusion limitation is derived for
both substances. The parameter d for diffusion limitation is similar for both sub-
stances in all three methods and quite low (about 0.037 to 0.048) (Table 12). Thus
the partitioning between the syrup and the bee’s body does not take place im-
mediately and is slowed down. An unhibited partitioning would lead to higher
substance concentrations in the bee in the same time frame, compare Figure 49
and Figure 50 with Figure 51 and Figure 52. The quite similar parameters d for
both carbofuran and dimethoate may imply a diffusion limitation that inhibits the
passage of substances from the intestine into the honey bee’s body. However, as
the log KOW for both substances is quite low, this diffusion limitation may not be
substance independent, but may merely be log KOW dependent.
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The highest amounts of carbofuran and dimethoate in the bee’s body are simu-
lated when no diffusion limitation is taken into account. In these cases, the transfer
of substances from the sugar syrup in the intestine is only driven by the partition
coefficient K bee
syrup
and is not slowed down by any diffusion limitation.
In principal, the same transfer dynamics are found for the transfer of coumaphos
from syrup into the bee’s body as well. No equilibrium is reached for the simula-
tion of the coumaphos transfer. As the log KOW value for coumaphos is higher
than the log KOW values for carbofuran and dimethoate, the maximum simulated
concentration in the bee’s body is higher for coumaphos than for carbofuran and
dimethoate.
The highest amounts of carbofuran and dimethoate in the jelly and the larvae
are also simulated when no diffusion limitation is taken into account. This is in
agreement with the higher simulation outcomes for the amount of carbofuran and
dimethoate in the bee’s body. The highest simulation outcomes for the amount of
carbofuran and dimethoate are found in the jelly and the larva for the method LCP
when no diffusion limitation is taken into account (QS). The model output for the
simulated amount of carbofuran in jelly and larvae are in the same range for the
methods LIP and ENDO.
The diffusion limitation had to be taken into account in order to describe the
transfer of carbofuran and dimethoate from the sugar syrup into the bee’s body
(Figure 51, Figure 52). However, when the diffusion limitation is taken into account
for the simulations that predict the concentrations of carbofuran and dimethoate
transferred from the sugar syrup through the bee’s body into the jelly that is fed
to larvae, the model output of the concentrations in jelly and larvae are lower than
the concentrations in the experimental results. Taking the diffusion limitation into
account underestimates the amount of carbofuran and dimethoate in the jelly and
the larvae in this case.
The simulation outcomes for the concentration of carbofuran in jelly and larvae
are in the same range for the methods LIP and ENDO. The concentrations of car-
bofuran in jelly may be described with both methods (LIP: SIM.EXP. = 1.06, ENDO:
SIM.
EXP. = 0.97) when no diffusion limitation is considered. The model output for
the method LCP is three and five times higher, respectively, than the concentra-
tions that are found in the experiments in cases of no diffusion limitation (jelly:
SIM.
EXP. = 2.92, larva:
SIM.
EXP. = 4.76).
The method for the derivation of the partition coefficients for organic chem-
icals between carbohydrates and water leads to very low partition coefficients
for the carbohydrate fractions for substances with low log KOW values. The ap-
proach LCP may not be the most suitable approach for substances as carbofu-
ran and dimethoate with quite low log KOW values (carbofuran: log KOW = 1.52,
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dimethoate: log KOW = 0.704). In the respective study the method is not tested for
substances with a log KOW < 1 (Hung et al., 2010).
The method ENDO is a more elaborate method, taking more physicochemical
details into account than only the log KOW of a substance. The simulation results
for the transfer of carbofuran from syrup into jelly and larvae are in the range of
the experimental results. The method may be suitable as it is applied to the case
of the honey bee, even though it is developed taking humans and other mammals
into account (Endo et al., 2013). As it requires detailed physicochemical informa-
tion about the substance of interest, the method LIP—that is also able to describe
the transfer of carbofuran into jelly and larvae—may be of advantage for cases
when these properties are not known for the respective substances of interest—as
it is the case for dimethoate, a standard test substance for experiments on honey
bees (Gough et al., 1994). The method LIP may be of advantage for the develop-
ment of a comprehensive and uncomplicatedly validatable model of the toxicokinetics
of PPP in the honey bee colony, as the log KOW is a standard property that has
to be experimentally derived for a PPP before placed on the market (European
Commission, 2009).
LIP and LCP both underestimate the transfer of the substance dimethoate into
jelly and larvae. A source of error may be the assumption of QS derived from data
of the sugar demand of bees. The uptake of syrup may have been higher than
it was assumed for the model. However, the assumed syrup uptake was already
quite high and it is doubtful that nurse bees consume considerably larger amounts
of sugar than forager bees, which show an increased energy demand with foraging
ranges of some kilometres (Seeley, 1995). Other sources for the higher amounts of
dimethoate found in the experiments may be contaminations of the nurse bees
feeding organs with which the regurgitated jelly comes into contact during the
feeding process.
Contaminations sticking at feeding organs are not considered by the physiolog-
ical modeling approach. These potential contaminations and the regurgitation of
small nectar portions from the honey sac need to be investigated, as they could not
be described with measures that are designed to describe systemic distribution of
chemicals such as the PBTK-approach.
The simulation outcomes for the transfer of coumaphos from sugar syrup to
the bee’s body as well as the transfer of carbofuran and dimethoate from pollen
and water show in principal the same dynamics as the transfer of carbofuran and
dimethoate from syrup into the bee’s body. The simulated substance transfer from
pollen and water is mainly driven by the uptake rate of pollen and water, that are
one (QP) to two (QW) orders of magnitude lower than the uptake rate of honey for
nurse bees (Table 14).
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The transfer dynamics for coumaphos show in principal no difference to the
dynamics of carbofuran and dimethoate. The simulated amount of substance in the
bee, the jelly, and the larvae differ from carbofuran and dimethoate. This may be
attributed to the higher log KOW value of coumaphos, which makes the substance
more lipophilic. In principal, simulations for other substances with known log KOW
may be conducted.
The honey bee’s gut seems to be not easily penetrable by the investigated PPPs.
The insect gut is described as a mechanical barrier that only simple sugars may
pass quickly (Friedman, 1985). In order to be able to simulate the transfer of further
substances, the diffusion of these substances from the intestine into the bee’s body
should be investigated. Experiments on the transfer of some substances—with a
wide range of log KOW values, different molecule structures, and molecule sizes—
could investigate if the diffusion limitation of substances for the transfer from
ingested resources into the bee’s body that is found in the experiments by Davis
and Shuel (1988) is substance-dependent or substance-independent.
In the model approach substance fractions that traveled through the intestine
and reached the rectal sac are assumed not to be able to permeate into the body
of the nurse bee at all. This consideration seems to be in agreement with the find-
ings by Davis and Shuel (1988). Substances may be excreted by the honey bees
during so-called cleansing flights (Michener, 1974). As the defecation behaviour of
insects is still a quite unexplored field (Weiss, 2006), the potential elimination of
substances from the individual bee’s body by defecation and therefore eventually
from the whole colony should be further investigated.
In the literature, to the best of the author’s knowledge, there are so far no ap-
proaches towards a PBTK-model for non-vertebrates published. With the proposed
model a path is tried to be paved towards novel model approaches to gain deeper
insights for the risk assessment procedures of PPPs for the very complex »superor-
ganism« (Seeley, 1989; Southwick, 1983) honey bee.
5.4 conclusion
This PBTK-model approach may be integrated in a comprehensive modelling ap-
proach towards the toxicokinetics of the honey bee colony in order to predict the
transfer of substances from consumed resources (honey, pollen, water) to jelly
and eventually larvae via nurse bees (Figure 66). Further research regarding the
parametrization is needed for the diffusion limitation of a broader range of sub-
stances in order to apply the model to further PPPs.
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figure 66: The systemic transfer of potential contaminations from ingested resources
into the jelly as it is integrated in the colony model. Nurse bees consume large amounts
of resources and produce jelly for feeding purposes. The queen and the larvae, that are
mainly fed by jelly, are important elements of a honey bee colony. Therefore it is crucial
to take the transfer of substances from resources into jelly into account for the realistic
calculation of toxicokinetic processes in the honey bee colony.
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The ecology of Apis mellifera (Chapter 2) and the flowering times of plants in the
boreal and temperate zones lead to a distinctive annual dynamic of activity and
pause, reproduction and overwintering, and foraging and consumption of stor-
ages for honey bee colonies (Figure 67, Figure 68). Honey bees start to forage in
early spring. Brood and adult bees increase over the following months, nectar is
gathered and stored as honey. In autumn, the honey bee colony prepares for the
overwintering period. Summer bees, that only life for a few weeks, are replaced by
winter bees, whose lifespan is a few months. Winter bees will live for the whole
overwintering period until spring (Seeley, 1985; Winston, 1987; Seeley, 1995).
As the amount of storage and the number of bees change with the time course
of one year, it is crucial to examine the impact this annual dynamic may have
on the toxicokinetics of the honey bee colony. As the honey bee colony may vary
regarding the susceptibility to plant protection products (PPPs) at different times
in the year, the toxicokinetics of PPPs may vary as well—considering the close
connection of the activities of the in-hive worker bees and the toxicokinetics of
substances within the honey bee colony (Chapter 2).
6.0.1 Investigation of annual dynamics with the BEEHAVE population model
The honey bee population model BEEHAVE is able to simulate the annual dynamics
of a honey bee colony in a realistic manner (Becher et al., 2014). The BEEHAVE
model will be consulted for the development of different seasonal scenarios to test
the influence of the time of exposure to forager bees in the field may have on
the exposition of the whole colony and effects on individuals. Data from different
seasonal scenarios will then be fed to the toxicokinetic model developed in this
thesis (Chapter 7).
6.1 material and method
The honey bee colony model BEEHAVE is used to run a simulation for the annual
dynamics of a honey bee colony. The simulation is run with the default values of
the model in order to generate an exemplary colony. The simulation outcomes will
be investigated for three different times of the year:
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figure 67: Daily changes in the nectar uptake of a honey bee colony due to changes in
the nectar uptake rate in dependence on the time of the year. The quality and quantity of
the nectar flow in the surroundings of the honey bee colony change in the course of the
year. The honey bee colony loses weight in the times between the rich nectar flow, either
because of the lack of foraging alternatives in the colony’s surroundings, or due to weather
conditions that prevent foraging flights. The data is taken from a honey bee colony from
Connecticut (US) (Seeley, 1997).
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figure 68: Weekly changes in the weight of a honey bee colony over three years. The
honey bee colony gains weight during summer due to colony growth (number of individ-
ual bees per colony) and the storing of honey. The main weight loss in winter is caused
due to the consumption of the honey stores by the overwintering bees. A considerable loss
of weight is also caused by swarms that leave the colony. (Seeley, 1997).
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spring The foraging season begins. The honey storages of the colony had de-
creased due to consumption while overwintering.
summer The colony and the storages grow.
autumn The honey bee colony prepares for overwintering. Foraging is at a max-
imum. Honey storages are high in preparation for the overwintering period.
On the base of the simulation outcomes three dates are chosen to represent three
different seasonal scenarios of colony strength and honey storages in the course of
the year. The chosen dates will be used as a model day of exposure of the honey bee
colony to PPPs for further scenarios (Chapter 7). Simulation outcomes of interest
are (a) the honey gain per day [kg], (b) the number of brood [1], (c) the number of
forager bees [1], (d) and the honey storages [kg].
6.2 results
The outcomes of the BEEHAVE simulation run for one are analyzed for (a) dates
that match the definition for the three scenarios Spring, Summer, and Autumn
and (b) the number of forager bees [1] and the honey storages [kg] for the three
selected dates.
6.2.1 Date selection for the three scenarios
The simulated outcomes of the the population dynamics of the model honey bee
colony are depicted in Figure 69. As honey bee classes are sorted by age, BEEHAVE
lists old winter bees to forager bees that are older than summer in-hive bees. The
dynamics follow the typical pattern of honey bee populations. The honey bee
colony consists almost entirely of old bees at the beginning of the year. One excep-
tion is the egg laying queen. Egg laying and brood rearing start at the beginning of
the year. With a time delay of a few weeks the successfully reared brood develops
to in-hive bees. Old in-hive bees become forager bees. The growth of the honey
bee population rises after day 90. The egg production decreases after day 169 and
the amount of brood is at its maximum at day day 185. The dynamic of the in-hive
bees follows the dynamic of the brood, as the dynamic of the foragers follows the
dynamic of the in-hive bees, which is consistent with the literature (Seeley, 1985,
1995; Winston, 1987).
The simulated outcomes of the the honey gain per day of the model honey bee
colony are depicted in Figure 70. At the beginning of the year the honey bee colony
only consumes honey and does not store any surplus. Between day 60 to day 100
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the model colony stores occasionally a surplus. The main growth of the honey
storage starts after day 160. Honey gain stops again after day 195. The dynamic of
the honey gain follow the typical pattern of honey gain in the honey bee colony
(Seeley, 1985, 1995; Winston, 1987).
The simulated outcomes of the the honey and pollen storage dynamics of the
model honey bee colony are depicted in Figure 71. The pollen storage is empty in
the beginning of the year. Though pollen is stored over the time course of the year,
the storage remains relatively low and stable, reaching a maximum of about 960 g
at day 180. Whereas the honey storage dynamic follows the dynamic of the honey
gain and reaches a maximum at day 268. The dynamics follow the typical pattern
of honey and pollen storages in the honey bee colony (Seeley, 1985, 1995; Winston,
1987).
The 1st of April (day 91), the 1st of July (day 182), and the 1st of October (day
274) are chosen as model dates for exposure of the honey bee colony to PPPs for
further scenarios. These dates are equally distributed over the year and represent
periods of times of one year of a honey bee colony with certain dynamics, as they
are described in Section 6.2.
6.2.2 Simulation outcomes for the three scenario dates
The simulated outcomes of the honey storages and the number of forager bees
for the three dates, that are selected as model dates for an exposure scenario (Sec-
tion 6.0.1), are listed in Table 19.
6.3 discussion
As honey bee colonies show distinctive annual dynamics, regarding, e.g., the num-
ber of bees or the size of the storages, the time of exposure over the year is
potentially of great importance when it comes to the distribution and effects of
substances—such as PPPs. Knowledge about the honey bee colony and storage dy-
namics is crucial to simulate realistic exposition scenarios. The data, that is avail-
able, for honey bee colony dynamics is scarce, and the investigation of certain
colonies under certain conditions requires substantial efforts and is only possible
to a rough degree. The BEEHAVE colony model for the honey bee is able to deliver
realistic simulation outcomes to close this knowledge gap. The honey bee colony
model BEEHAVE is able to deliver information of the honey bee colony and storage
dynamics that may used in further studies—e. g., the analysis of toxicokinetics in
the honey bee colony (Chapter 7).
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figure 69: Population dynamics over the time course of one year as it is simulated by
the BEEHAVE model. The dynamics follow the typical pattern of honey bee populations. As
honey bee classes are sorted by age, BEEHAVE lists old winter bees to forager bees that are
older than summer in-hive bees.
figure 70: Daily honey gain over the time course of one year as it is simulated by the
BEEHAVE model. The dynamic of the honey gain follow the typical pattern of honey gain in
the honey bee colony.
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figure 71: The honey and pollen storage dynamics of the model honey bee colony, as it
simulated by the BEEHAVE model. The dynamics follow the typical pattern of honey and
pollen storages in the honey bee colony.
table 19: Simulated outcomes for the three selected model dates: Spring, Summer, and
Autumn, obtained by the honey bee colony model BEEHAVE.
scenario date honey storage forager bees
[g ] [1 ]
Spring 1st of April 17 455 5400
Summer 1st of July 20 552 3200
Autumn 1st of October 47 971 18 100
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T H E I N T E G R AT I O N O F T H E D I F F E R E N T M O D E L
A P P R O A C H E S T O WA R D S A C O M P R E H E N S I V E
T O X I C O K I N E T I C M O D E L O F T H E H O N E Y B E E C O L O N Y— A
C A S E S T U D Y W I T H D I M E T H O AT E
In order to derive a comprehensive model that is able to describe the toxicokinetic
processes within the honey bee colony, as well as to predict exposure concentra-
tions for the different castes and age classes of honey bees, the different model
approaches that were presented in the Chapters 3 to 5 are linked.
7.1 material and methods
For the integrative analysis, simulations are run for the model approaches, that
are presented in the earlier chapters, for different scenarios, considering a model
substance. The model outcomes of each approach are used as parameters or initial
values for variables for the following model. The submodel outcomes for the sim-
ulation of the nectar fraction and the total mass of plant protection product (PPP)
that reach the honey comb (Chapter 3) serve as a parameter basis for the calcula-
tion of the partitioning of the PPP between wax and stored honey. The submodel
outcomes for the partitioning of the PPP and the mass fraction that is found in the
honey (Chapter 4) serve as a parameter basis for the calculation of the substance
transfer from the contaminated honey in the honey comb that is ingested by nurse
bees to the jelly produced by these nurse bees. The submodel outcomes for the
calculation of the substance transfer from honey to jelly (Chapter 5) serve as a pa-
rameter basis for the calculation of the ingested doses of PPP by larvae and the
calculations of the effects on larvae.
7.1.1 Dimethoate as a standard test substance for honey bees
Dimethoate is widely used as a toxic standard for honey bee tests due to several
reasons. Dimethoate is a representative organophosphate insecticide. It is readily
soluble in water and organic compounds. The LD50 values for oral and contact
exposure are similar, as well as the LD50 values for 24 h and 48 h tests.
• LD50 oral (24 h): 0.18 µg active ingredient (a.i.)/bee
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• LD50 contact (24 h): 0.16 µg a.i./bee
• LD50 oral (48 h): 0.17 µg a.i./bee
• LD50 contact (48 h): 0.15 µg a.i./bee
• slope b: 5.94
This indicates the absence of delayed toxicity effects. The comparison of toxicity
effects on two different supspecies of Apis mellifera indicate that the varibility in
effects is greater between individual colonies than between the two subspecies
(Gough et al., 1994). The slope b for calculating the dose-related effects on bees is
taken from Atkins (1992). As dimethoate is widely used as a toxicity standard and a
reasonable amount of literature is available about effects on honey bee individuals
and colonies (e.g., Stoner et al. (1983)), dimethoate is used as a model substance
for the integrative analysis of the different model approaches in order to get a
comprehensive impression of the toxicokinetic processes that play a role in the
honey bee colony.
The experimentally determined LD50 for larva (Aupinel et al., 2007) is higher
than the LD50 for adult bees:
• LD50 oral (24 h): 1.9 µg a.i./bee
• slope b: 1.06
7.1.2 Scenarios
The amount of nectar that reaches the honey bee colony and that is processed to
honey, and afterwards is stored and used by nurse bees, is calculated from the
simulated number of forager bees. Further, the potential contamination of the jelly,
which is produced by nurse bees and with which the brood, the queen, and other
adult bees in the colony are fed, is simulated. This integrative depiction of the
toxicokinetically most important processes of the honey bee colony (Chapter 2)—
with emphasis on the nectar/honey consumption—is calculated considering the
toxic effects the dimethoate in the contaminated nectar and honey has on the bees
that are in contact with the nectar and honey (Chapter 3). The effects that a mixed
feeding of the nectar contaminated with dimethoate would have on the colony
level is also calculated (Section 3.1.2). The contaminated honey is mixed with the
honey that is already stored in the colony. The partitioning of dimethoate between
the contaminated honey storage and the wax that is surrounding the storage is
calculated (Chapter 4). Nurse bees ingest the stored honey and therefore consume
the dimethoate within this honey portion. The transfer of dimethoate from the
7.1 material and methods 131
consumed honey to the jelly is calculated (Chapter 5). As a result an exposure con-
centration for bees that are fed by nurse bees with jelly is derived. As an example
for the bees that are fed by nurse bees, the effects the dimethoate that is fed via
jelly has on the fed larvae are depicted.
7.1.3 Scenario development
Nine different scenarios are examined. The scenarios are outlined in the following
and summarised in Table 20:
• Scenario dates (Chapter 6):
– 1st of April,
– 1st of July, and
– 1st of October.
• The number of forager bees and the amount of stored honey in the colony
are obtained from Section 6.2.1.
• The complete nectar that forager bees are exposed to at this day is assumed
to be contaminated with dimethoate.
• The concentration of dimethoate is the same for all the nectar that is foraged
at this day.
Three different nectar concentrations of the model substance dimethoate for the
nectar haul of one day are considered (x µg g−1, y µg g−1, z µg g−1) that correspond
to different mortality scenarios for the forager bees. In the European Food Safety
Authority (EFSA) guidance document (European Food Safety Authority, 2013) the
viability of the honey bee colonies, the pollination services, and the products of the
honey bees (e. g., honey) are stated as specific protection goals. They are related
to the colony strength, which is defined operationally as the colony size—i. e., the
number of bees in the colony. Forager mortality »should not be increased com-
pared with controls by a factor of 1.5 for six days or a factor of 2 for three days
or a factor of 3 for two days« (European Food Safety Authority, 2013). Under nat-
ural field conditions, honey bee foragers show an age-independent mortality rate
of 13.4 %. The concentration of x µg g−1 corresponds to a mortality rate of about
three times the natural mortality rate (40 %) for honey bee foragers, if one nectar
forager is assumed to leave the hive for up to 10 foraging trips per day, and forager
bees are assumed to collect 30 mg of nectar per trip. The mortality is calculated for
each trip seperatly. The total share of dead bees after 10 trips is taken into consid-
eration for the 40 %-threshold. The concentration of y µg g−1 is set as the LD50 of
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the model substance dimethoate, and z µg g−1 is the double LD50. One analysis is
done for each of the three concentrations (x µg g−1, y µg g−1, z µg g−1) at each of
the three model dates of an exemplary annual cycle for a honey bee colony in a
temperate zone.
7.1.4 Calculation of effects
pmortality, the likelihood for an individual bee of the respective bee class (forager
bee, food processor bee, nurse bee, larva) to die from the dose of toxicant to which
it is exposed, is calculated using Equation 37.
pmortality (Individual) =
1
1+ exp
(
b log
(
LD50
x
)) (37)
7.1.5 Effect reducing quality of the consecutive worker bees’ chain
The worker bee (i. e., forager and food processor bees) mortality is analysed for
the nine different scenarios, according to the approach discussed in Chapter 3
(Figure 72).
The likelihood of death for each forager bee (pmortality (Food processor bee)) and the
food processor bees (pmortality (Food processor bee)), to which nectar is handed over by
the forager bees, is calculated with Equation 37, according to Section 3.1.1. The
number of forager bees for each scenario is obtained from the simulations in Sec-
tion 6.2.1. The mortality of the forager bees are calculated after each foraging trip.
A dead forager bee does not return to the colony. Its nectar load is rejected and is
not handed over to the food processor bees. The next trip will be calculated only
for the surviving forager bees. It is assumed that each returning forager hands the
complete nectar load to one food processor bee. The mortality of the food proces-
sor bees is calculated after handing over of the nectar. A dead food processor bee
is removed from the hive. Its respective nectar load is rejected and is not added to
the honey storage. The likelihood of survival (psurvival, Equation 38) for one food
processor bee is equal to the likelihood of the respective food processor bee to be
loaded with the respective nectar load by the forager bee.
psurvival (Food processor bee) = 1− pmortality (Food processor bee) (38)
7.1.6 Partitioning of dimethoate between wax and the in-hive matrices
The nectar that is not rejected from the colony with dead forager or food processor
bees is processed and stored as honey in the scenarios, according to the approach
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discussed in Chapter 4 (Figure 73). The volume of honey is half of the respective
nectar’s volume. However, the contained amount of dimethoate stays the same in
honey and therefore the concentration increases in the nectar/honey portion before
it is added to the honey storage where it is equally diluted. The f(dimethoate in honey)
is calculated with Equation 39, according to Section 4.1.
f(dimethoate in honey) =
1
1+ K wax
honey
Vwax
Vhoney
(39)
K wax
honey
represents the partition coefficient for dimethoate between honey and wax.
Vwax
Vhoney
represents the volume ratio of wax to honey volume. The cell width is as-
sumed to be the standard width for worker cells (5.3 mm).
7.1.7 The systemic distribution of dimethoate from ingested resources into the larval food
In these scenarios, nurse bees consume the stored honey that may be contaminated
with dimethoate in order to produce jelly, which may then also be contaminated,
according to the approach discussed in Chapter 5 (Figure 74). The simulations are
done for the same time span (72 h) and age class of queen larvae as in Chapter 5.
The flow of honey QH is set to be 0.0013 mL h−1 (Table 14). The simulations are
done without considering any diffusion limitation. The partition coefficients are
determined with the method LIP (Equation 5.1.2.1). Effects on larvae caused by
contaminated jelly are calculated taking the concentration of the jelly, LD50 of lar-
vae (Aupinel et al., 2007), as well as the consumption rate of larvae of the respective
age investigated by Aupinel, Fortini, Michaud, Marolleau, Tasei, and Odoux (2007)
into account.
A potential mortality of nurse bees is not taken into consideration. It is assumed
that the feeding of larvae is a task that will be fulfilled nevertheless, even though
some bees of the nurse caste may die.
7.2 results
A nomenclature for the nine scenarios that are analysed in this chapter is given
in Table 20. The spring scenarios are named scenario 1, 2, and 3. The summer
scenarios are named scenario 4, 5, and 6. The autumn scenarios are named scenario
7, 8, and 9. Scenarios 1, 4, and 7 simulate honey bee colonies that are exposed to
the lowest concentration of dimethoate in nectar (2 µg g−1). Scenarios 2, 4, and
8 simulate honey bee colonies that are exposed to the medium concentration of
dimethoate in nectar (6 µg g−1). Scenarios 3, 6, and 9 simulate honey bee colonies
that are exposed to the highest concentration of dimethoate in nectar (12 µg g−1).
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figure 72: Forager and food processor bee mortality may show effect reducing qualities.
The death of the bees may prevent nectar that is contaminated with dimethoate from
being processed and stored as honey. The bold arrows represent the processes that are
investigated in this analysis. The mortality of forager bees for each trip and the mortality
of food processor bee for each handled portion of nectar is simulated.
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figure 73: Honey that is contaminated with dimethoate may be stored in wax cells of the
honey comb. Dimethoate may be transferred from the honey to the wax, in dependence on
the log KOW of dimethoate. The bold arrows represent the processes that are investigated
in this analysis. The partitioning of dimethoate between the stored honey and the wax that
is surrounding the honey is simulated.
table 20: Nomenclature developed for the nine different scenarios.
date day of c(nectar)
exposure
[
µg g−1
]
2 6 12
1st of April 92 1 2 3
1st of July 182 4 5 6
1st of October 274 7 8 9
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7.2.1 Scenario development
The parameters for the nine different scenarios are listed in Table 21. These param-
eters are the basis for the calculations discussed in Section 7.1. The maximal nectar
uptake is the product of the number of forager bees, the number of maximal trips
(10), and the nectar load per trip (30 mg).
The honey storages vary over the time course of the year. The amount of the
maximal nectar uptake by the hive depends on the number of forager bees of the
honey bee colony.
7.2.2 Effect reducing quality of the consecutive worker bees’ chain
The simulation outcomes for the calculation of the forager bee mortality and food
processor bee mortality for the nine different scenarios are listed in Table 22. Fig-
ure 75 depicts the dependence of the mortality of food processor bees in depen-
dence on the mortality of forager bees.
The mortality of the food processor bees is increasing with increasing forager
mortality for the scenarios 1, 2, 4, 5, 7, and 8 with a dimethoate concentration of
2 µg g−1 and 6 µg g−1. The food processor bee mortality for the scenarios 3, 6, and
9, however, is almost as low (40.8 %) as the mortality for the scenarios 1, 4, and
7 with the lowest dimethoate concentration in nectar (38.4 %). The mortalities for
food processor bees in the scenarios 1, 2, 4, 5, 7, and 8 (38.4 % and 92.5 %) are about
4.5 % and 7.3 % lower than the mortalities for forager bees (40.2 % and 99.8 %). The
mortality for food processor bees in the scenarios 3, 6, and 9 (40.8 % and 48.1 %)
is about 50 % to 60 % lower than the mortality for forager bees (100 %). In the
scenarios 3, 6, and 9 all forager bees are dead after 5 to 6 foraging trips.
7.2.3 Partitioning of dimethoate between wax and the in-hive matrices
The simulation outcomes for the processed nectar, that is added as honey to the
existing honey storage, and the partitioning of dimethoate between the honey stor-
age and the wax, that surrounds the honey, are listed in Table 23 for the nine dif-
ferent scenarios. f(substance in honey) for dimethoate in the two-compartment-system
wax-honey is calculated to be 0.474.
The greatest masses of nectar, that is processed to honey, as well as added
dimethoate are collected in the scenarios 1, 4, and 7 with the lowest dimethoate
concentration in nectar. The lowest amount of nectar that is added to the storage
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figure 74: Honey that is potentially contaminated with dimethoate may be consumed by
nurse bees, which then produce potentially contaminated jelly. The bold arrows represent
the processes that are investigated in this analysis. The transfer of dimethoate from honey
to jelly, as well as the effects that contaminated jelly may have on the brood are simulated.
table 21: Simulated parameters (number of forager bees, honey storage, nectar uptake at
maximum) for the of the nine different model scenarios.
scenario no. number of honey max . nectar
forager bees storage uptake
[1] [g] [g]
1 5400 17 455 1620
2 5400 17 455 1620
3 5400 17 455 1620
4 3200 20 552 960
5 3200 20 552 960
6 3200 20 552 960
7 18 100 47 971 5430
8 18 100 47 971 5430
9 18 100 47 971 5430
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table 22: The simulated outcomes for the mortality of forager and food processor bees in
dependence on the different dimethoate doses per foraging trip and nectar portion in the
nine scenarios
scenario no. dimethoate dose mortality mortality
forager bees food processor bees
[µg] [%] [%]
1 0.06 40.2 38.4
2 0.18 99.8 92.5
3 0.36 100 40.8
4 0.06 40.2 38.4
5 0.18 99.8 92.5
6 0.36 100 40.8
7 0.06 40.2 38.4
8 0.18 99.8 92.5
9 0.36 100 48.1
figure 75: The mortality of food processor bees depends on the mortality of the forager
bees in the nine scenarios analysed and discussed in this chapter.
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table 23: In the simulation, a distinctive nectar fraction is added as processed nectar
(honey) to the existing honey storage, in dependence on the mortality of forager and food
processor bees. Dimethoate is distributed between honey and wax in dependence on the
log KOW of dimethoate.
scenario no. value added nectar total mass
of added dimethoate
[1] [g] [µg]
log KOW (dimethoate) 0.704
K wax
honey
44.69
Vwax
Vhoney 0.025
1 1132.64 2265.29
2 80.95 485.69
3 3.88 46.60
4 671.24 1342.48
5 47.96 287.78
6 2.30 27.61
7 3796.74 7593.56
8 271.26 1627.56
9 13.02 156.20
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and the total mass of dimethoate is added to the colony are found in the case of
the scenarios 3, 6, and 9 with the highest concentration of dimethoate in the nectar.
7.2.4 The systemic transfer of dimethoate from ingested resources into the larval food
The simulation outcomes for the calculation of the transfer of dimethoate from
honey to jelly is listed in Table 24. Calculated are the concentration in jelly
[
µg mg−1
]
and the uptake dose for one larvae in the investigated time frame in dependence
on the concentration of dimethoate in honey. K honey
bee
is calculated to be 0.95 accord-
ing to 5.1.2.1. The diffusion limitation is not taken into account. The concentration
in jelly and the uptake dose of larvae depends on the concentration in honey that
is calculated based on the simulation outcomes in Section 7.2.3.
7.2.4.1 Effects on larvae
The simulation outcomes for the effects of the dimethoate doses on larvae are listed
in Table 25. Figure 76 to Figure 78 depict the dependence of the larvae mortality
on the forager mortality for the different model dates (spring, summer, autumn).
Figure 79 depicts the dependence of the larvae mortality on the forager mortality
for all seasons.
7.3 discussion
The submodels presented in Chapters 3 to 5 are suitable to be combined in an
integral analysis of the toxicokinetic processes in the honey bee colony. Submodel
outcomes serve as parameters for the following submodel.
The simulation outcomes vary for the nine different scenarios (Table 20). In de-
pendence on the mortality of the forager bees, some part of the contaminated nec-
tar is rejected. Therefore, food processor bees are always exposed to a lower total
contamination than forager bees in the case that forager bees die before handing
over the contaminated resource. Therefore the effects on food processor bees are
always lower than the effects on forager bees. In the analysed scenarios, the effects
on food processor bees decrease relatively to the increasing effect on forager bees.
In the scenarios 3, 6, and 9 the all forager bees are dead after five to six foraging
trips. No nectar is handed over to food processor bees after the fifth or sixth trip,
respectively, in these scenarios, therefore no food processor bee dies after the fifth
trip. The contamination of nectar is quite high in the scenarios 3, 6, and 9 (0.36 µg
per bee).The mortalities of the food processor bees are lower in the scenarios 3, 6,
and 9 than the mortalities for the food processor bees in the scenarios 2, 5, and 8,
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table 24: The simulated transfer of dimethoate from honey to jelly depends on the con-
centration of dimethoate in honey.
scenario no. concentration concentration uptake dose
in honey in jelly of larvae[
µg g−1
] [
µg g−1
]
[µg]
1 0.061 0.000 005 7 0.000 006 1
2 0.013 0.000 001 2 0.000 001 3
3 0.001 0.000 000 1 0.000 000 1
4 0.031 0.000 002 9 0.000 003 2
5 0.007 0.000 000 7 0.000 000 7
6 0.001 0.000 000 1 0.000 000 1
7 0.075 0.000 007 1 0.000 007 7
8 0.016 0.000 001 5 0.000 001 6
9 0.002 0.000 000 2 0.000 000 2
table 25: The simulation outcomes for the effects on larvae due to the exposure to
dimethoate in jelly in the nine different scenarios.
scenario no. larvae mortality
[%]
1 1.76
2 0.87
3 0.29
4 1.29
5 0.64
6 0.22
7 1.93
8 0.96
9 0.33
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figure 76: The mortality of bee larvae depends on the mortality of the forager bees, as it
is shown by simulation outcomes for the spring scenarios that are analysed and discussed
in this chapter.
figure 77: The mortality of bee larvae depends on the mortality of the forager bees, as it is
shown by simulation outcomes for the summer scenarios that are analysed and discussed
in this chapter.
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with only half the dose per bee (0.18 µg), and they are almost as low as the mor-
talities for food processor bees in the scenarios 1, 4, and 7, with only a sixth of the
individual dose per bee (0.06 µg). The fact that the forager bees die before handing
over a considerable amount of the nectar volume that is possible to be collected on
one day prevents the food processor bees from being exposed to more dimethoate.
Depending on the mortality of forager bees, only a fraction of the collected nectar
is handed over to the food processor bees. Depending on the mortality of the food
processor bees, the nectar that is handed over is then processed and stored as honey
in the honey comb. As the scenarios with the lowest concentration of dimethoate
in nectar show the lowest combined mortality of forager bees and food processor
bees, most nectar is gathered in these scenarios. Consequently, the highest total
mass of dimethoate is also added to the colony in these scenarios.
The concentration of dimethoate in the total honey store after partitioning be-
tween wax and honey depends on the dimethoate concentration in the nectar, the
amount of nectar that is gathered per day, and the total amount of stored honey
in the colony. The latter parameters depend on the season (Table 21). The highest
concentrations of dimethoate are found in the scenarios 1, 4, and 7 with a low con-
centration of dimethoate in the nectar. The lowest concentrations of dimethoate in
the honey storage are found in the scenarios 3, 6, and 9 with the highest concentra-
tions of dimethoate in the nectar. Regarding the seasons, the lowest concentration
of dimethoate in honey is found in the summer scenarios 4, 5, and 6. The total
honey storage is about 17 % larger than the honey storage in the spring scenar-
ios 1, 2, and 3. Further less forager bees are gathering less nectar in this scenario
and the total mass of added dimethoate to the colony is the lowest mass of all
seasons (Table 23). Therefore less dimethoate is diluted in more honey in summer
than in spring. The highest concentrations of dimethoate in honey are found in the
autumn scenarios 7, 8, and 9. Although the total amount of stored honey is the
hightest in these scenarios, the number of forager bees are 3.4 times to 5.7 times
higher in autumn than in spring or summer, respectively. Considering the mortal-
ity of forager bees and food processor bees, that depends on the concentration of
dimethoate in the nectar and differs not with the seasons (with an exception for
scenario 9, in which the mortality of food processor bees is about 7 % higher than
for the scenarios 3 and 6), the ratio of nectar that is transported to the colony is
the same for every season, taking the respective concentration of dimethoate in the
nectar into account.
The exposure of nurse bees to dimethoate, as well as the transfer of dimethoate
from honey to jelly, and consequently the exposure of larvae depend on the concen-
tration of dimethoate in the stored honey. Also the exposure of larvae to dimethoate
depends on the concentration in nectar, the nectar gathering activity of the colony,
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and the total storages of honey in the colony, in which the collected dimethoate
is diluted. The lowest exposure of larvae to dimethoate and the lowest mortality
for larvae is found in the scenarios 3, 6, and 9 with the highest concentration of
dimethoate in the collected nectar. The highest exposure of larvae to dimethoate
and the highest mortality for larvae is found in the scenarios 1, 4, and 7 with the
lowest concentration of dimethoate in the collected nectar. This result seems to be
paradoxical. It results from the complex processes that are connected in order to
depict a realistic model of the honey bee colony. The main driver for the lowest ex-
posure at the highest dimethoate concentrations in nectar is the forager mortality.
As forager die they do not transport contaminated nectar to the colony. The colony
is prevented from an potential harmful exposure by the death or loss of forager
bees in the field in these simulated scenarios.
Even though the larvae are exposed to dimethoate within these simulations, the
exposure itself is quite low. The simulation outcomes for the effects on larvae are
in the range of the control mortality of larvae in toxicity tests or lower (0.4 % to 2 %)
(Aupinel et al., 2007). The colony itself, the mortality of bees that are connected to
the collection and storage processes of nectar and honey, as well as the dilution of
gathered nectar in the total mass of stored honey act as a measure for a diluted
exposure of larvae to dimethoate. The simulation outcomes imply that the effetcs
on the colony level (e. g., exposure and mortality rate of larvae) can not be simply
extrapolated from effects on the individual bee (e. g., exposure and mortality rate
of forager bees), as the highest mortality rate for forager bees is not accompanied
by the highest mortality rates for larvae. In experimental studies on small honey
bee colonies in mini-hives and standard sized field colonies, the standard sized
field colonies show lower effects for the same dimethoate concentration in syrup
on the colony level than the small colonies in mini hives (Stoner et al., 1983; Waller
and Barker, 1979). The reason for these different effects of the same dimethoate
concentration fed to the colonies may lie in the complex processes of a standard-
sized honey bee colony that a miniature colony lacks.
The examplary integrative simulation that is presented in this chapter takes the
nectar foraging processes by forager bees, the honey storing processes by food
processor bees, as well as the honey ingestion by nurse bees into consideration.
Future simulations should also investigate the integration of the pollen and the
water related processes as well.
7.4 conclusion
The different model approaches that are developed in this thesis are suitable to be
connected to a integrative approach towards simulating the toxicokinetics of PPPs
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in the honey bee colony. The simulation outcomes imply that the complexity of
processes connected to the toxicokinetics of PPP in the honey bee colony can not
be described by simple measures, e. g., the extrapolation of exposure and effects
from individuals to the colony level.
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figure 78: The mortality of bee larvae depends on the mortality of the forager bees, as it is
shown by simulation outcomes for the autumn scenarios that are analysed and discussed
in this chapter.
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figure 79: The mortality of bee larvae depends on the mortality of the respective forager
bees, as it is shown by simulation outcomes for the scenarios that analysed and discussed
in this chapter. Light grey symbols represent the spring simulation, dark gray symbols rep-
resent the summer outcomes, black symbols represent the autumn outcomes. In contrast
to Figure 76, Figure 77, and Figure 78, this figure depicts all three scenario dates.
Part IV
D I S C U S S I O N

8
G E N E R A L D I S C U S S I O N
The conceptual toxicokinetic model for the honey bee colony, that is developed
in this thesis, is shown in Figure 80. This toxicokinetic model takes the most im-
portant compartments and processes within the honey bee colony into account in
order to predict the concentrations of plant protection products (PPPs) in resources,
such as honey, and wax, as well as the exposure concentrations of different castes
and age-classes of honey bees. The diverse model approaches towards the different
toxicokinetically important aspects of the honey bee colony that are proposed in
this thesis are shown to complement each other towards a comprehensive model of
the toxicokinetics of PPPs and other chemical substances in the honey bee colony.
the toxicokinetically relevant processes of the honey bee colony
By means of a thorough literature search the most important processes that connect
the different compartments (bees of different castes and ages, as well as storages
and wax) in the honey bee colony were identified. The most important resources
for a potential intake of PPPs by the colony are nectar and pollen. The processes
that connect the different compartments in the colony are associated with female
worker bees, which are the most important factor for substance distribution within
the colony.
the dependence of effects on the population level of the honey
bee to different exposure scenarios The theoretical examples in Chap-
ter 3 show that the direct effects of a stressor on the honey bee colony may have
an indirect effect on the substance transport and distribution within the honey
bee colony. Vice versa, the transport and distribution of potentially contaminated
resources may have an influence on the toxic effects on the colony level.
the partitioning of substances between wax and other matrices
in the honey bee colony The submodel presented in Chapter 4 is able to
generate realistic values for the partitioning of substances between wax and honey
in the range of literature values. Future research is necessary to investigate the
dependence on time of the transfer of substances between wax and other matrices.
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the systemic distribution of substances within bees—with empha-
sis on the hypopharyngeal gland and jelly production The dis-
tribution of substances from consumed nectar and honey to jelly and eventu-
ally larvae via nurse bees was described with a physiologically based toxicoki-
netic (PBTK)-approach in Chapter 5. Further research is necessary to investigate
the parametrization of the diffusion limitation of a broader range of substances in
order to apply the model to further PPPs.
the annual dynamic of the honey bee colony The honey bee colonies
show distinctive annual dynamics, regarding for instance the number of bees or
the size of the storages The time of exposure over the year is potentially of great
importance when it comes to the distribution and effects of chemical substances—
such as PPPs. In Chapter 6 three different scenario dates were derived to be used as
the basis for the development of realistic simulation scenarios. These model dates
shall represent the honey bee colony at three different stages throughout the the
year—the beginning of the foraging season at the end of the overwintering period
in spring, the time of growth of the colony and storages, as well as the time of max-
imal prepration for the overwintering season in form of foraging and storing. The
honey bee population model BEEHAVE is a valuable tool to derive realistic system
parameters for a honey bee colony in order to do further studies or simulations.
The number of forager bees and the total mass of the honey storages were ob-
tained for the three model dates—1st of April, 1st of July, 1st of October—in order
to proceed with realistic simulation runs of the integrated toxicokinetic model.
the integration of the different submodels towards a comprehen-
sive toxicokinetic model of the honey bee colony—a case study
with dimethoate The connection of the different model approaches that are
developed in this thesis is a suitable approach towards modelling the toxicokinet-
ics of PPPs in the honey bee colony comprehensively. The simulation outcomes
imply that the influence of the complexety of the processes, that are related to
the toxicokinetics of PPP in the honey bee colony, can not be described with sim-
ple measures, e.g., by extrapolating exposure and effects from individuals to the
colony level.
8.1 straightforward parametrization and validation
A model that is better validatable than existing toxicokinetic models of the honey
bee colony has a value either as a prognostic tool for the deliberate application
of pesticides to the hive (e. g., acaricides) or the inadvertent contamination of the
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colony (by PPPs, for instance) (Tremolada and Vighi, 2014). The aim of this the-
sis is the design of such a model that shall be able to describe the fate of sub-
stances within the honey bee colony—from the different potential routes of expo-
sure to their terminus. This was shown to be feasible with the proposed model
approaches—which were shown to be linkable to a comprehensive model ap-
proach of the toxicokinetics of PPPs and other chemical substances in Chapter 7.
The model approaches take the log KOW and the oral LD50 for adult bees and larvae
of the substances of interest into account for the simulations run. These parameters
are standard parameters that have to be derived before any PPP may be placed on
the market. The proposed submodels of the comprehensive toxicokinetic model
of the honey bee colony may be validated in experimental studies that are of a
manageable size for laboratory studies before a limited amount of field studies for
validation may be necessary. After a validation of the proposed model approaches,
the simulations for further substances would not require extensive experiments.
e.g., to derive physicochemical parameters that are not usually determined for
PPPs before market placing.
8.2 the potential linkage of several model approaches
Simulating the toxicokinetics of PPPs within the bee hive may provide knowledge
of realistic worst case scenarios regarding the amount of PPPs that reach the bees.
A model that is able to predict exposure and effect of different substances to honey
bee colonies is an asset for the risk assessment as validated guidelines for this
kind of approaches are still missing and as higher tier studies for honey bees
to directly investigate the effects of PPP application to the honey bee colony are
complex and require substantial efforts in terms of replication. In order to derive
an integrative prediction of the exposure of and effects to honey bee colonies, a
combination of five different model approaches (a foraging model, a landscape
model, a population model, a toxicodynamic model, and a toxicokinetic model)
may be a suitable solution (Figure 81).
The model approach towards the toxicokinetics of PPPs in the honey bee colony
that is proposed in this thesis is potentially linkable to (a) a forager model that
predicts the amount of resources, that are transported to the honey bee colony,
and the degree of their contamination, (b) a model that predicts the dynamics of
the honey bee colony and resources within the colony, as well as (c) a model that
predicts the transport of resources to the colony and their potential contamination
by PPPs, and (d) a toxicodynamic model that predicts toxic effects on the honey
bees on the basis of the exposure concentrations of the (individual) bee.
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The in-hive population and forager dynamics as well as the PPP residue levels
in nectar and pollen might act as potential links to other models that predict fur-
ther aspects of the honey bee colony. The contamination of nectar and pollen with
PPPs may be derived from a landscape-based foraging model; the in-hive popula-
tion and forager dynamics may be obtained from population models. Important
outcomes of a toxicokinetic model of the honey bee colony will be (a) the distribu-
tion of PPPs within the resources that are brought into the colony via forager and
food processor bees, (b) the distribution of PPPs between wax and the matrices con-
tained in wax compartments (honey, bee bread, brood), and (c) the distribution of
PPPs from the honey and the bee bread as energy and protein sources for the nurse
bees into the jelly they produce. Linking a toxicokinetic model—as it is proposed
in this thesis—to studies that focus on forager behaviour and effects to forager
bees may help to predict the amount of a given substance that actually reaches the
colony and that would entail the potential of in-hive exposure of the colony. A con-
sideration of potential effects of substances in the nectar and pollen loads on the
forager bees may be necessary. This could be achieved by a general unified thresh-
old model of survival (GUTS)-inspired approach (Jager et al., 2011). A model that
describes the toxicokinetic within the hive may predict exposure concentrations of
the different castes and age classes of the honey bees in the colony from the known
substance amounts that enter the hive. A population model that takes effects into
account would be able to predict the population dynamics under the influence of
the identified exposure concentrations, e. g., Becher et al. (2014). However, a change
in population dynamics, that is identified by the population model, might again
influence the kinetics of the PPP as calculated by the toxicokinetic model. And
again, the distribution of the PPP that is calculated by the toxicokinetic model may
influence the outcome of the forager model, as substances may also be transported
from the interior of the hive to the foragers at the periphery and on the outside
of the hive. An integrative model would have to be a closely linked »supermodel«
(Figure 81) to fulfil the demands for predictions of the dynamics of the bee colony
as a »superorganism«. The comprehensive toxicokinetic model proposed in this
thesis may help to interpret the significance of ecotoxicological test results, espe-
cially from lower-tier studies, in the risk assessment, and may help to refine the
exposure assessment and risk evaluation. Linking it to a landscape model, a for-
ager model, a realistic population model (Becher et al., 2014), and a toxicodynamic
model (Jager et al., 2011) would give an improved insight into the dynamics in a
honey bee colony under exposure of PPPs (Figure 82).
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8.3 evaluation
The submodels are assessed for the following criteria to give an informed expert
judgement, in order to evaluate the quality of the submodels that were developed
in this thesis:
(1) The method’s stage of development
(2) Data availability
(3) Validation
8.3.1 The dependence of effects on the population level of the honey bee to different expo-
sure scenarios
(1) The method’s stage of development
The method to calculate the effects on the population level is a simple con-
nection of the mortality rates of the different worker bee age classes. It was
developed for this thesis. The submodel is a reasonable yet theoretical linkage
of the likelihoods of survival for the different age classes of bees, that are linked
through the resource transport, after exposure to PPPs.
(2) Data availability
The data availability of toxic effects of substances on the honey bees is sufficient.
The LD50 for honey bees is a common measure that has to be given for a PPP
in order to be placed on the market (European Commission, 2011).
(3) Validation
There was no data found in the literature to validate this submodel.
8.3.2 The partitioning of substances between wax and other matrices in the honey bee
colony
(1) The method’s stage of development
The usage of the log KOW is a well established method to describe the parti-
tioning behaviour of substances between two compartments (Schwarzenbach
et al., 2005). However, a lack of data on the time dependence of the partitioning
restricts the submodel use for a partitioning in equilibrium.
(2) Data availability
The log KOW is a common standard that has to be determined for a PPP to be
placed on the market (European Commission, 2009).
(3) Validation
Several data records were found in the literature to validate the submodel for
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conditions that presume an equilibrium partitioning of the substance between
honey and wax. No data records were found in the literature to validate the
partitioning behaviour between wax and other stored matrices.
8.3.3 The systemic distribution of substances within bees—with emphasis on the hypopha-
ryngeal gland and jelly production
(1) The method’s stage of development
The usage of physiologically based pharmacokinetic (PBPK) and PBTK models
is well established in pharmacy and ecotoxicology (Leavens, 2011; Krishnan
and Peyret, 2009). However, the transfer of these models from mammals and
fish to insect is not documented in the literature.
(2) Data availability
The physicochemical data that are needed for this submodel are well docu-
mented in the literature. However, the state of knowledge about the necessary
physiological data (e.g., sugar consumption, the rate of substance flow through
the honey bee’s intestine) is worthy of improvement.
(3) Validation
There is one data record available to validate this submodel.
The submodels are based on profound research on the honey bee colony, as well
as its biology, ecology, and behaviour. The developed submodels are a thorough
and sound basis for future research and improvement. They are based in two of
three cases on well established model approaches. The models may be improved
in future research by the integration of experimental results. These improvements
comprise primarily experiments for the parameterization and validation of the sub-
models and experiments to validate the toxicokinetic model as a whole, comprising
the three submodels.
8.4 implications for future research
In order to realistically describe the transfer of chemical substances between wax
and the diverse matrices in the honey bee colony (Chapter 4), the time dependence
of this transfer has to be investigated. In the case that the resources are discretely
stored in the nest, it may be necessary to take the distance, that a substance may
move, into account. The substances within contaminated resources in certain areas
of the nest may reach only distinctive areas in the nest within a certain period of
time.
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In order to gain more knowledge about the systemic transfer of PPPs from the
honey bee’s intestines into the body and the hypopharyngeal gland (HPG), respec-
tively, the diffusion limitation for the transfer of substances with different chemical
propertiers and structures from the intestines into the body and the HPG has to
be investigated. As the sugar demand of the different castes and age classes of
honey bees plays a significant role in order to calculate the resource flow through
the honey bee’s body (Chapter 5), the investigation of this sugar demand should
be driven forward.
Further, the labour division of the honey bee colony (Figure 14) is potentially
linkable to a honey bee population model and a toxicokinetic model as a potential
interface between these two models. As worker bees are the main driving force
for the distribution of PPPs in the honey bee colony (Aliano and Ellis, 2008), this
may give detailed information about the expression of the diverse resource flows
in the honey bee colony, which may have significant influence on the toxicokinet-
ics of the colony (Figure 83). It may, furthermore, be helpful to know the numbers
of bees that perform distinctive tasks at a given point in time in order to develop
distinctive exposure profiles for each of these groups of bees. Thus they may also
be linked to a toxicodynamic model, that may simulate the effects that the re-
spective exposure profile will cause to each bee group. Further, the abundance of
male drones and their consumption of resources (mainly jelly and honey (Haydak,
1970)) may be taken into consideration of further simulation approaches towards
the toxicokinetics of PPPs and other chemical substances in the honey bee colony
(Figure 83).
Seed coatings of PPPs, of which PPP-dust may be abrased that may be adsorbed
by bees, are assumed to be a potential route of exposure but only of minor im-
portance (Section 2.2.4). Adsorption of dust and penetration of PPPs through the
cuticula are neglected in this thesis. However, future research may be able to take
these route of exposure thoroughly into account for a final judgement about the
relevance of these exposure routes in the risk assessment of PPPs.
As the formulations for the application of an active substance that acts as a PPP
are developed to facilitate the diffusion and absorption of these active substances
(Vale, 1998), it is reasonable to take also the formulations into account for future
research on the toxicokinetics of PPPs in the honey bee colony. This thesis focused
only on the physicochemical properties and the toxicokinetic behaviour that results
from these properties for the active substances. Furthermore, this thesis focused on
the presence of a single active substance at a time. However, the simultaneous pres-
ence of more than one PPP in a honey bee colony is a realistic exposure scenario
(Chauzat et al., 2011; Ghini et al., 2004; Genersch, 2010; Mullin et al., 2010) and
potential toxicokinetically synergistic effects may be considered in future studies.
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This thesis was written without specifying any of the subspecies to which a
respective study referred to (Chapter 2). Future research has to be done with keep-
ing in mind that the prevailing model approach has to be potentially modified
when examining the toxicokinetically relevant processes in a certain subspecies of
Apis mellifera. However, the question of the different subspecies is not a problem of
the same scale as the research topics are that were mentioned beforehand.
8.5 final words
The aim of this thesis was the development of a comprehensive and dynamical
model approach towards the toxicokinetics of the honey bee colony
(a) that takes the (social) ecology and physiology of the honey bee colony into
account,
(b) that may be better validatable than existing modelling approaches towards the
toxicokinetics of the honey bee colony, and
(c) that is potentially linkable to further model approaches that may be necassary
to deliver a scientific evaluation in the context of the risk assesssment of PPPs
for honey bee colonies.
The complex toxicokinetically relevant processes in the colony can be addressed
with the proposed dynamical modelling approach. This approach may help to
interpret the results of lower-tier studies. Such studies are indicative of intrinsic
effect potentials rather than about potential risks, in the context of realistic field
scenarios, including the consideration of realistic exposure and field application
rates of plant protection products.
The proposed toxicokinetic model may be better validatable taking the submod-
els as units of the comprehensive modelling approach into account. The proposed
submodels may be validated in experimental studies that are of a manageable size
for laboratory studies. Afterwards, a limited amount of field studies for validation
may be necessary.
The proposed model is potantially linkable to a diversity of models that ap-
proach different aspects of the honey bee colony that play a role in the context of
the risk assessment of PPPs for honey bees. It may help to gain scientificaly thor-
ough and valid knowledge about the predicted environmental concentration (PEC)
that bees may be exposed to. The importance of such knowledge is stressed by the
European Food Safety Authority (EFSA) Draft Guidance on the risk assessment of
PPPs on bees (European Food Safety Authority, 2013).
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figure 80: The proposed submodels in this thesis may be integrated to a comprehensive
model approach towards the toxicokineitcs of PPPs in the honey bee colony, taking the
toxicokinetically most important processes into account.
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figure 81: The proposed »supermodel«, which is a combination of a foraging model, a
landscape model, a population model, a toxicodynamic model, and a toxicokinetic model,
may give a integrative picture of the honey bee colony that is potentially exposed to pes-
ticides in the field. The five different models would have to be closely linked, as the out-
comes of each may strongly influence variables of the other models.
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figure 82: The proposed toxicokinetic model is integratable in the proposed »super-
model« for the honey bee colony in the context of the risk assessment of PPPs. The popula-
tion model provides the toxicokinetic model with data about the population dynamics and
the numbers of bees of the different castes (blue). The foraging model provides the toxi-
cokinetic model with data about the masses and the contamination of foraged resources
(orange). The toxicokinetic model provides the toxicodynamic model with data about the
exposure of the different bee castes (green).
Nectar
Honey
Pollen
Bee bread
Forager 
bee Nurse beeWax
Food 
processor 
bee
Jelly
QueenBrood
Female 
worker 
bees
Drones
figure 83: A more detailed simulation of the labour division (dotted lines), the consump-
tion of resources by all age classes of female worker bees, as well as the abundance of
drones can be integrated in the toxicokinetic model for the distribution of PPPs in the
honey bee colony.

B I B L I O G R A P H Y
Abrol, DP (2011). Pollination Biology: Biodiversity Conservation and Agricultural Pro-
duction. Springer Netherlands.
Ahmed, J, Prabhu, S, Raghavan, G, and Ngadi, M (2007). Physico-chemical, rheo-
logical, calorimetric and dielectric behavior of selected Indian honey. Journal of
Food Engineering, 79(4):1207–1213.
Aislabie, J and Lloyd-Jones, G (1995). A review of bacterial-degradation of pesti-
cides. Soil Research, 33(6):925–942.
Aliano, NP and Ellis, MD (2008). Bee-to-bee contact drives oxalic acid distribution
in honey bee colonies. Apidologie, 39(5):481–487.
Alix, A and Miles, MJ (2012). Exposure of honey bees and other pollinating species
to pesticides. Julius-Kühn-Archiv, 437:19–24.
Almeida-Muradian, L, Pamplona, LC, Coimbra, S, and Barth, OM (2005). Chemical
composition and botanical evaluation of dried bee pollen pellets. Journal of food
composition and analysis, 18(1):105–111.
Anderson, D and Trueman, J (2000). Varroa jacobsoni (Acari: Varroidae) is more
than one species. Experimental & applied acarology, 24(3):165–189.
Andersson, KM and Hovmoller, S (2000). The protein content in crystals and
packing coefficients in different space groups. Acta Crystallographica Section D:
Biological Crystallography, 56(7):789–790.
Arnot, JA and Gobas, FA (2006). A review of bioconcentration factor (BCF) and
bioaccumulation factor (BAF) assessments for organic chemicals in aquatic or-
ganisms. Environmental Reviews, 14(4):257–297.
Atkins, E (1992). Injury to Honey Bees by Poisoning. In The Hive and the Honey Bee:
A New Book on Beekeeping Which Continues the Tradition of »Langstroth on the Hive
and the Honeybee«. Dadant and Sons, Illinois, US.
Aupinel, P, Fortini, D, Michaud, B, Marolleau, F, Tasei, JN, and Odoux, JF (2007).
Toxicity of dimethoate and fenoxycarb to honey bee brood (Apis mellifera), us-
ing a new in vitro standardized feeding method. Pest management science,
63(11):1090–1094.
161
162 bibliography
Babendreier, D, Kalberer, N, Romeis, J, Fluri, P, Bigler, F et al. (2004). Pollen con-
sumption in honey bee larvae: a step forward in the risk assessment of transgenic
plants. Apidologie, 35(3):293–300.
Ball, DW (2007). The chemical composition of honey. Journal of Chemical Education,
84(10):1643.
Becher, MA, Grimm, V, Thorbek, P, Horn, J, Kennedy, PJ, and Osborne, JL (2014).
BEEHAVE: a systems model of honeybee colony dynamics and foraging to ex-
plore multifactorial causes of colony failure. Journal of Applied Ecology, 51(2):470–
482.
Becher, MA, Osborne, JL, Thorbek, P, Kennedy, PJ, and Grimm, V (2013). REVIEW:
Towards a systems approach for understanding honeybee decline: a stocktaking
and synthesis of existing models. Journal of Applied Ecology, 50(4):868–880.
Bernal, JL, Jimenez, JJ, del Nozal, MJ, Toribio, L, and Martin, MT (2005). Physico-
chemical parameters for the characterization of pure beeswax and detection of
adulterations. European Journal of lipid science and technology, 107(3):158–166.
Berry, JA, Owens, WB, and Delaplane, KS (2010). Small-cell comb foundation does
not impede Varroa mite population growth in honey bee colonies. Apidologie,
41(1):40–44.
Bischoff, KB and Brown, R (1966). Drug distribution in mammals. 62(66):33–45.
Blacquiere, T, Smagghe, G, Van Gestel, CA, and Mommaerts, V (2012). Neoni-
cotinoids in bees: a review on concentrations, side-effects and risk assessment.
Ecotoxicology, 21(4):973–992.
Bogdanov, S (2006). Contaminants of bee products. Apidologie, 37:1–18.
Bogdanov, S, Kilchenmann, V, and Imdorf, A (1998). Acaricide residues in some
bee products. Journal of apicultural research, 37(2):57–67.
Boukraâ, L and Sulaiman, SA (2009). Rediscovering the antibiotics of the hive.
Recent patents on anti-infective drug discovery, 4(3):206–213.
Breed, MD, Guzmán-Novoa, E, and Hunt, GJ (2004). Defensive behavior of honey
bees: organization, genetics, and comparisons with other bees. Annual Reviews
in Entomology, 49(1):271–298.
Bresinsky, A, Körner, C, Kadereit, JW, Neuhaus, G, and Sonnewald, U (2013). Stras-
burger’s Plant Sciences: Including Prokaryotes and Fungi. Springer Berlin Heidel-
berg.
bibliography 163
Brodschneider, R and Crailsheim, K (2010). Nutrition and health in honey bees.
Apidologie, 41(3):278–294.
Burrows, H, Canle L, M, Santaballa, J, and Steenken, S (2002). Reaction pathways
and mechanisms of photodegradation of pesticides. Journal of photochemistry and
photobiology B: Biology, 67(2):71–108.
Butler, C (1940). The choice of drinking water by the honeybee. Journal of Experi-
mental Biology, 17(3):253–261.
Butler, CG (1992). The Honey Bee Colony. In The Hive and the Honey Bee: A New
Book on Beekeeping Which Continues the Tradition of »Langstroth on the Hive and the
Honeybee«. Dadant and Sons, Illinois, US.
Camazine, S (1991). Self-organizing pattern formation on the combs of honey bee
colonies. Behavioral ecology and sociobiology, 28(1):61–76.
Camazine, S (1993). The regulation of pollen foraging by honey bees: how foragers
assess the colony’s need for pollen. Behavioral Ecology and Sociobiology, 32(4):265–
272.
Cane, J (2008). Bees (Hymenoptera: Apoidea: Apiformes). In Capinera, J (ed.),
Encyclopedia of Entomology, pp. 419–434. Springer Netherlands.
Carreck, N and Williams, I (1998). The economic value of bees in the UK. Bee world,
79(3):115–123.
Carson, R (1962). Silent spring. Houghton Mifflin, Boston.
Chauzat, MP, Faucon, JP, Martel, AC, Lachaize, J, Cougoule, N, and Aubert, M
(2006). A survey of pesticide residues in pollen loads collected by honey bees in
France. Journal of Economic Entomology, 99(2):253–262.
Chauzat, MP, Martel, AC, Cougoule, N, Porta, P, Lachaize, J, Zeggane, S, Aubert,
M, Carpentier, P, and Faucon, JP (2011). An assessment of honeybee colony
matrices, Apis mellifera (Hymenoptera: Apidae) to monitor pesticide presence in
continental France. Environmental Toxicology and Chemistry, 30(1):103–111.
Chiu, WA, Barton, HA, DeWoskin, RS, Schlosser, P, Thompson, CM, Sonawane,
B, Lipscomb, JC, and Krishnan, K (2007). Evaluation of physiologically based
pharmacokinetic models for use in risk assessment. Journal of Applied Toxicology,
27(3):218–237.
Clark, JD, Beyene, Y, WoldeGabriel, G, Hart, WK, Renne, PR, Gilbert, H, Defleur,
A, Suwa, G, Katoh, S, Ludwig, KR et al. (2003). Stratigraphic, chronological and
164 bibliography
behavioural contexts of Pleistocene Homo sapiens from Middle Awash, Ethiopia.
Nature, 423(6941):747–752.
Clewell, HJ and Andersen, ME (1985). Risk assessment extrapolations and physio-
logical modeling. Toxicology and industrial health, 1(4):111–134.
Combs, G (1972). The engorgement of swarming worker honeybees. Journal of
Apicultural Research, 11:121–128.
Copping, LG (2014). The Situation Regarding Bees and Neonicotinoids Continues
to Generate Arguments. Outlooks on Pest Management, 25(1):44–45.
Crailsheim, K (1990). The protein balance of the honey bee worker. Apidologie,
21(5):417–429.
Crailsheim, K (1991). Interadult feeding of jelly in honeybee (Apis mellifera L.)
colonies. Journal of Comparative Physiology B, 161(1):55–60.
Crailsheim, K (1992). The flow of jelly within a honeybee colony. Journal of Com-
parative Physiology B, 162(8):681–689.
Crailsheim, K, Schneider, L, Hrassnigg, N, Bühlmann, G, Brosch, U, Gmeinbauer,
R, and Schöffmann, B (1992). Pollen consumption and utilization in worker
honeybees (Apis mellifera carnica): Dependence on individual age and function.
Journal of insect Physiology, 38(6):409–419.
Crane, EE (2013). The world history of beekeeping and honey hunting. Routledge, New
York.
Czoppelt, C and Rembold, H (1970). Vergleichende Analyse des Kohlenhydrat-
stoffwechsels bei den Kasten der Honigbiene, Apis mellifera. Journal of Insect
Physiology, 16(7):1249–1264.
Davis, A and Shuel, R (1988). Distribution of 14C-labelled carbofuran and
dimethoate in royal jelly, queen larvae and nurse bees. Apidologie, 19(1):37–50.
Davis, A, Shuel, R, and Peterson, R (1988). Distribution of carbofuran and
dimethoate in flowers and their secretion in nectar as related to nectary vascular
supply. Canadian journal of botany, 66(7):1248–1255.
De Marco, R and Farina, W (2003). Trophallaxis in forager honeybees (Apis mel-
lifera): resource uncertainty enhances begging contacts? Journal of Comparative
Physiology A, 189(2):125–134.
bibliography 165
Decourtye, A, Devillers, J, Cluzeau, S, Charreton, M, and Pham-Delègue, MH
(2004). Effects of imidacloprid and deltamethrin on associative learning in honey-
bees under semi-field and laboratory conditions. Ecotoxicology and environmental
safety, 57(3):410–419.
DeGrandi-Hoffman, G and Hagler, J (2000). The flow of incoming nectar through
a honey bee (Apis mellifera L.) colony as revealed by a protein marker. Insectes
sociaux, 47(4):302–306.
Devereux, S and Berge, K (2000). Famine in the twentieth century, vol. 105. Institute
of Development Studies Brighton.
Diamond, J (2002). Evolution, consequences and future of plant and animal do-
mestication. Nature, 418(6898):700–707.
Diamond, J and Ford, LE (2000). Guns, germs, and steel: The fates of human
societies. Perspectives in Biology and Medicine, 43(4):609.
Dietz, A (1975). Honey bees of the world. In The Hive and the Honey Bee: A New
Book on Beekeeping Which Continues the Tradition of »Langstroth on the Hive and the
Honeybee«. Dadant and Sons, Illinois, US.
Dietz, A and Lambremont, E (1970). Caste Determination in Honey Bees. II. Food
Consumption of Individual Honey Bee Larvae, Determined with 32P-Labeled
Royal Jelly. Annals of the Entomological Society of America, 63(5):1342–1345.
Dietz, N (1992). Activities and behavior of honey bees. In The Hive and the Honey
Bee: A New Book on Beekeeping Which Continues the Tradition of »Langstroth on the
Hive and the Honeybee«. Dadant and Sons, Illinois, US.
Dively, GP and Kamel, A (2012). Insecticide residues in pollen and nectar of a
cucurbit crop and their potential exposure to pollinators. Journal of agricultural
and food chemistry, 60(18):4449–4456.
Doner, LW (1977). The sugars of honey–a review. Journal of the Science of Food and
Agriculture, 28(5):443–456.
Dunham, WE (1931a). A colony of bees exposed to high external temperatures.
Journal of Economic Entomology, 24(3):606–611.
Dunham, WE (1931b). The Effect of Low External Temperatures on the Brood-Nest
Temperatures of a Normal Colony of Bees During Summer. Journal of Economic
Entomology, 24(3):638–643.
Dunham, WE (1931c). Hive temperatures for each hour of a day. Ohio Journal of
Science, 31:181–188.
166 bibliography
Eckert, C, Winston, M, and Ydenberg, R (1994). The relationship between popula-
tion size, amount of brood, and individual foraging behaviour in the honey bee,
Apis mellifera L. Oecologia, 97(2):248–255.
Eiteman, MA and Goodrum, JW (1994). Density and viscosity of low-molecular
weight triglycerides and their mixtures. Journal of the American Oil Chemists’
Society, 71(11):1261–1265.
Endo, S, Brown, TN, and Goss, KU (2013). General model for estimating partition
coefficients to organisms and their tissues using the biological compositions and
polyparameter linear free energy relationships. Environmental science & technol-
ogy, 47(12):6630–6639.
Endo, S, Watanabe, N, Ulrich, N, Bronner, G, and Goss, KU (2014). UFZ-
LSER database v 2.1 [Internet]. http://www.ufz.de/index.php?de=31698&
contentonly=1&lserd_data[mvc]=Public/start. Accessed: 04-11-2014.
Erickson, E, Lusby, D, Hoffman, G, and Lusby, E (1990a). On the size of cells: spec-
ulations on foundation as a colony management tool. Glean. Bee Cult, 118(2):98–
101.
Erickson, E, Lusby, D, Hoffman, G, and Lusby, E (1990b). On the size of cells: spec-
ulations on foundation as a colony management tool. Glean. Bee Cult, 118(3):173–
174.
European Commission (2009). Regulation (EC) Nr. 1107/2009 of the European
Parliament and of the council of 21 October 2009 concerning the placing of plant
protection products on the market and repealing Council Directives 79/117/EEC
and 91/414/EEC. Official Journal of the European Communities.
European Commission (2011). Commission Regulation (EU) No 545/2011 of 10
June 2011 implementing Regulation (EC) No 1107/2009 of the European Parlia-
ment and of the Council as regards the data requirements for plant protection
products Text with EEA relevance. Official Journal of the European Communities.
European Food Safety Authority (2013). Guidance on the risk assessment of plant
protection products on bees (Apis mellifera, Bombus spp. and solitary bees).
EFSA Journal, 11(7):3295.
European Food Safety Authority Panel on Plant Protection Products and their
Residues (2012). Scientific Opinion on the science behind the development of
a risk assessment of Plant Protection Products on bees (Apis mellifera, Bombus
spp. and solitary bees). EFSA Journal, 10(5):2668.
bibliography 167
European Food Safety Authority Panel on Plant Protection Products and their
Residues (2014). Scientific Opinion on good modelling practice in the context
of mechanistic effect models for risk assessment of plant protection products.
EFSA Journal, 12(3):3589.
Fahrenholz, L, Lamprecht, I, and Schricker, B (1992). Calorimetric investigations
of the different castes of honey bees, Apis mellifera carnica. Journal of Comparative
Physiology B, 162(2):119–130.
Farina, WM (1996). Food-exchange by foragers in the hive–a means of communi-
cation among honey bees? Behavioral Ecology and Sociobiology, 38(1):59–64.
Fent, K (2013). Ökotoxikologie. 4., überarb. und aktualisierte aufl. ed. Thieme,
Stuttgart [u.a.].
Fewell, JH and Winston, ML (1992). Colony state and regulation of pollen foraging
in the honey bee, Apis mellifera L. Behavioral Ecology and Sociobiology, 30(6):387–
393.
Filmer, RS (1932). Brood area and colony size as factors in activity of pollination
units. Journal of Economic Entomology, 25(2):336–343.
Fischer, H, Polikarpov, I, and Craievich, AF (2004). Average protein density is a
molecular-weight-dependent function. Protein Science, 13(10):2825–2828.
Forster, R (2010). Bee poisoning caused by insecticidal seed treatment of maize in
Germany in 2008. Julius-Kühn-Archiv, (423):S–126.
Frazier, M, Mullin, C, Frazier, J, and Ashcraft, S (2008). What have pesticides got
to do with it? American Bee Journal, 148(6):521–524.
Free, J, Ferguson, A, and Simpkins, J (1992). The behaviour of queen honeybees
and their attendants. Physiological entomology, 17(1):43–55.
Free, J and Williams, IH (1975). Factors determining the rearing and rejection of
drones by the honeybee colony. Animal Behaviour, 23:650–675.
Friedman, S (1985). Intermediary metabolism. In Blum, MS (ed.), Fundamentals of
insect physiology. Wiley, New York.
Fukuda, H and Ohtani, T (1977). Survival and life span of drone honeybees. Re-
searches on Population Ecology, 19(1):51–68.
Fukuda, H and Sakagami, SF (1968). Worker brood survival in honeybees. Re-
searches on Population Ecology, 10(1):31–39.
168 bibliography
Gallai, N, Salles, JM, Settele, J, and Vaissière, BE (2009). Economic valuation of the
vulnerability of world agriculture confronted with pollinator decline. Ecological
economics, 68(3):810–821.
Genersch, E (2010). Honey bee pathology: current threats to honey bees and bee-
keeping. Applied microbiology and biotechnology, 87(1):87–97.
Ghini, S, Fernandez, M, Pico, Y, Marin, R, Fini, F, Manes, J, and Girotti, S (2004).
Occurrence and distribution of pesticides in the province of Bologna, Italy, using
honeybees as bioindicators. Archives of environmental contamination and toxicology,
47(4):479–488.
Girolami, V, Mazzon, L, Squartini, A, Mori, N, Marzaro, M, Bernardo, Ad, Greatti,
M, Giorio, C, and Tapparo, A (2009). Translocation of neonicotinoid insecticides
from coated seeds to seedling guttation drops: a novel way of intoxication for
bees. Journal of economic entomology, 102(5):1808–1815.
Gough, H, McIndoe, E, and Lewis, G (1994). The use of dimethoate as a reference
compound in laboratory acute toxicity tests on honey bees (Apis mellifera L.)
1981-1992. Journal of Apicultural Research, 33(2):119–125.
Grogan, DE and Hunt, JH (1979). Pollen proteases: their potential role in insect
digestion. Insect biochemistry, 9(3):309–313.
Gros, AT and Feuge, R (1957). Physical properties of aceto-and butyro-oleins,
mono-olein, and diolein. Journal of the American Oil Chemists Society, 34(5):239–
244.
Grüter, C and Farina, W (2007). Nectar distribution and its relation to food quality
in honeybee. Apis mellifera, 54(1):87–94.
Haimes, YY (2005). Risk modeling, assessment, and management, vol. 40. John Wiley
& Sons, Ltd, Chichester, UK.
Hajar, R (2008). Honey and Medicine. In Encyclopaedia of the History of Science,
Technology, and Medicine in Non-Western Cultures, pp. 1074–1079. Springer.
Haydak, MH (1943). Larval food and development of castes in the honeybee. Jour-
nal of Economic Entomology, 36(5):778–792.
Haydak, MH (1970). Honey bee nutrition. Annual review of entomology, 15(1):143–
156.
Henry, M, Beguin, M, Requier, F, Rollin, O, Odoux, JF, Aupinel, P, Aptel, J,
Tchamitchian, S, and Decourtye, A (2012). A common pesticide decreases for-
aging success and survival in honey bees. Science, 336(6079):348–350.
bibliography 169
Hepburn, H, Bernard, R, Davidson, B, Muller, W, Lloyd, P, Kurstjens, S, Vincent,
S et al. (1991). Synthesis and secretion of beeswax in honeybees. Apidologie,
22(1):21–36.
Hepburn, R (2011). Foreword. In Pollination Biology: Biodiversity Conservation and
Agricultural Production. Springer Netherlands.
Herbert, EW and Shimanuki, H (1978). Chemical composition and nutritive value
of bee-collected and bee-stored pollen. Apidologie, 9(1):33–40.
Hermens, JL, de Bruijn, JH, and Brooke, DN (2013). The octanol–water partition
coefficient: Strengths and limitations. Environmental Toxicology and Chemistry,
32(4):732–733.
Hill, L and Burdett, E (1932). Fertility of bees and vitamin E. Nature, 130:540.
Hillocks, R (2013). Impact of EU Pesticide Reduction Strategy and Implications for
Crop Protection in the UK and the Rest of Europe. Outlooks on Pest Management,
24(5):206–209.
Honkanen, JO and Kukkonen, JV (2006). Environmental temperature changes up-
take rate and bioconcentration factors of bisphenol A in tadpoles of Rana tem-
poraria. Environmental toxicology and chemistry, 25(10):2804–2808.
Hrassnigg, N, Crailsheim, K et al. (2005). Differences in drone and worker physi-
ology in honeybees (Apis mellifera). Apidologie, 36(2):255–277.
Hung, HW, Lin, TF, and Chiou, CT (2010). Partition coefficients of organic contam-
inants with carbohydrates. Environmental science & technology, 44(14):5430–5436.
Hunter, J (1792). Observations on Bees. Philosophical Transactions of the Royal Society
of London, 82:128–195.
Jager, T, Albert, C, Preuss, TG, and Ashauer, R (2011). General unified threshold
model of survival-a toxicokinetic-toxicodynamic framework for ecotoxicology.
Environmental Science & Technology, 45(7):2529–2540.
Jaskolla, D (2006). Der Pflanzenschutz vom Altertum bis zur Gegenwart. Biologis-
che Bundesanstalt, Informationszentrum Phytomedizin und Bibliothek, Berlin-
Dahlem.
Johnson, RM, Ellis, MD, Mullin, CA, and Frazier, M (2010). Pesticides and honey
bee toxicity–USA. Apidologie, 41(3):312–331.
170 bibliography
Johnson, SD, Hargreaves, AL, and Brown, M (2006). Dark, bitter-tasting nec-
tar functions as a filter of flower visitors in a bird-pollinated plant. Ecology,
87(11):2709–2716.
Jones, JC and Oldroyd, BP (2006). Nest thermoregulation in social insects. Advances
in Insect Physiology, 33:153–191.
Khoury, DS, Myerscough, MR, and Barron, AB (2011). A Quantitative Model of
Honey Bee Colony Population Dynamics. PLoS ONE, 6(4):e18491.
Kiechle, H (1961). Die soziale Regulation der Wassersammeltätigkeit im Bienen-
staat und deren physiologische Grundlage. Zeitschrift für vergleichende Physiolo-
gie, 45(2):154–192.
Korst, P and Velthuis, H (1982). The nature of trophallaxis in honeybees. Insectes
Sociaux, 29(2):209–221.
Krell, R (1996). No. 124: Value-added products from beekeeping. 124. Food & Agricul-
ture Organization of the United Nations.
Krishnan, K and Andersen, ME (2001). Physiologically based pharmacokinetic
modeling in toxicology. Principles and methods of toxicology, 4:193–241.
Krishnan, K, Loizou, GD, Spendiff, M, Lipscomb, JC, and Andersen, ME (2010).
PBPK Modeling: A Primer. In Quantitative Modeling in Toxicology, pp. 19–58.
John Wiley & Sons, Ltd, Chichester, UK.
Krishnan, K and Peyret, T (2009). Physiologically Based Toxicokinetic (PBTK) Mod-
eling in Ecotoxicology. In Devillers, J (ed.), Ecotoxicology Modeling, vol. 2 of Emerg-
ing Topics in Ecotoxicology, pp. 145–175. Springer US.
Kronenberg, F and Heller, HC (1982). Colonial thermoregulation in honey bees
(Apis mellifera). Journal of comparative physiology, 148(1):65–76.
Kubik, M and Pidek, A (1999). Pesticide residues in bee products collected from
cherry trees protected during blooming period with contact and systemic fungi-
cides. Apidologie, 30(6):521 – 532.
Kunert, K and Crailsheim, K (1988). Seasonal changes in carbohydrate, lipid and
protein content in emerging worker honeybees and their mortality. Journal of
Apicultural Research, 27(1):13–21.
Labandeira, CC (2011). Pollination mutualisms by insects before the evolution of
flowers. AccessScience.
bibliography 171
Larsen, CS (1995). Biological changes in human populations with agriculture. An-
nual Review of Anthropology, pp. 185–213.
Leavens, T (2011). Physiological Models, pp. 225–240. Wiley-Blackwell, Oxford, UK.
Leung, HW (1991). Development and utilization of physiologically based pharma-
cokinetic models for toxicological applications. Journal of Toxicology and Environ-
mental Health, Part A Current Issues, 32(3):247–267.
Lewis, R (1970). The densities of three classes of marine lipids in relation to their
possible role as hydrostatic agents. Lipids, 5(1):151–153.
Lide, DR (2005). CRC Handbook of Chemistry and Physics. CRC press, Taylor &
Francis Group, Boca Raton, Florida.
Lindauer, M (1952). Ein Beitrag zur Frage der Arbeitsteilung im Bienenstaat.
Zeitschrift für vergleichende Physiologie, 34(4):299–345.
Lindauer, M (1954). Temperaturregulierung und Wasserhaushalt im Bienenstaat.
Zeitschrift für vergleichende Physiologie, 36(4):391–432.
Lindauer, M (1955a). Schwarmbienen auf Wohnungssuche. Zeitschrift für vergle-
ichende Physiologie, 37(4):263–324.
Lindauer, M (1955b). The water economy and temperature regulation of the hon-
eybee colony. Bee World, 36:62–72.
Linnaeus, Cv (1758). Systema Naturae, Ed. 10, 1. Laurentii Salvii, Holmiae.
MacBean, C (2012). The Pesticide Manual: A World Compendium. BCPC, Hampshire,
UK.
Mackay, D (1982). Correlation of bioconcentration factors. Environmental Science &
Technology, 16(5):274–278.
Matsumura, F (1985). Toxicology of insecticides. Plenum Press New York.
Library of Medicine, UN (2014). ChemIDplus Toxnet Database. http://chem.sis.
nlm.nih.gov/. Accessed: 21-11-2014.
Meixner, MD, Pinto, MA, Bouga, M, Kryger, P, Ivanova, E, and Fuchs, S (2013).
Standard methods for characterising subspecies and ecotypes of Apis mellifera.
Journal of Apicultural Research, 52(4).
Melampy, R, Willis, E, and McGregor, S (1940). Biochemical aspects of the dif-
ferentiation of the female honeybee (Apis mellifera L.). Physiological Zoology, pp.
283–293.
172 bibliography
Mellor, JW and Gavian, S (1987). Famine: Causes, prevention, and relief. Science,
235(4788):539–545.
Meretz, W (1963). Die Wabenzelle der Honigbiene. Bulletin of Mathematical Biology,
25(1):95–110.
Meyer, W (1956). Propolis bees and their activities. Bee World, 37(2):25–36.
Michener, CD (1974). The social behavior of the bees: a comparative study, vol. 73.
Harvard University Press.
Microsoft (2010). Microsoft Excel. Redmond, Washington: Microsoft.
Moritz, RF and Fuchs, S (1998). Organization of honeybee colonies: characteristics
and consequences of superorganism concept. Apidologie, 29(1-2):7–21.
Morse, RA, Stranc, GE, and Nowakowski, J (1967). Fall Death Rates of Drone
Honey Bees. Journal of Economic Entomology, 60(5):1198–1202.
Mullin, CA, Frazier, M, Frazier, JL, Ashcraft, S, Simonds, R, Pettis, JS et al. (2010).
High levels of miticides and agrochemicals in North American apiaries: implica-
tions for honey bee health. PLoS one, 5(3):e9754.
Naumann, K, Winston, ML, Slessor, KN, Prestwich, GD, and Webster, FX (1991).
Production and transmission of honey bee queen (Apis mellifera L.) mandibular
gland pheromone. Behavioral Ecology and Sociobiology, 29(5):321–332.
Newman, MC and Jagoe, CH (1996). Ecotoxicology: a hierarchical treatment, vol. 2.
CRC press, Taylor & Francis Group, Boca Raton, Florida.
Nguyen, BK, Saegerman, C, Pirard, C, Mignon, J, Widart, J, Thirionet, B, Verheggen,
F, Berkvens, D, De Pauw, E, and Haubruge, E (2009). Does imidacloprid seed-
treated maize have an impact on honey bee mortality? Journal of Economic Ento-
mology, 102(2):616–623.
Nikolakis, A, Chapple, A, Friessleben, R, Neumann, P, Schad, T, Schmuck, R,
Schnier, HF, Schnorbach, HJ, Schöning, R, and Maus, C (2010). An effective risk
management approach to prevent bee damage due to the emission of abraded
seed treatment particles during sowing of seeds treated with bee toxic insecti-
cides. Julius-Kühn-Archiv, (423):S–132.
Nolan, WJ (1925). The brood-rearing cycle of the honeybee. Washington, D.C. : U.S.
Dept. of Agriculture, 1349.
bibliography 173
Nordberg, M, Duffus, J, and Templeton, DM (2004). Glossary of terms used
in toxicokinetics (IUPAC Recommendations 2003). Pure and Applied Chemistry,
76(5):1033–1082.
OECD (1995). Partition Coefficient (n-octanol/water): Shake Flask Method.
OECD (1998a). Test No. 213: Honeybees, Acute Oral Toxicity Test.
OECD (1998b). Test No. 214: Honeybees, Acute Contact Toxicity Test.
OECD (2006). OECD Series on Testing and Assessment No. 54: Current Ap-
proaches in the Statistical Analysis of Ecotoxicity Data.
Oerke, EC (2006). Crop losses to pests. The Journal of Agricultural Science, 144(01):31–
43.
Opdyke, D (1979). Monographs on Fragrance Raw Materials: A Collection of Mono-
graphs Originally Appearing in Food and Cosmetics Toxicology. Pergamon Press,
Oxford, UK.
Oxford Dictionaries (2015). Definition of the term model. http://www.
oxforddictionaries.com/definition/english/model. Accessed: 28-05-2015.
Pacini, E and Nicolson, S (2007). Introduction. In Nicolson, SW, Nepi, M, and
Pacini, E (eds.), Nectaries and Nectar, pp. 1–18. Springer Netherlands.
Page Jr, RE and Peng, CYS (2001). Aging and development in social insects with
emphasis on the honey bee, Apis mellifera L. Experimental gerontology, 36(4):695–
711.
Pareja, L, Colazzo, M, Pérez-Parada, A, Niell, S, Carrasco-Letelier, L, Besil, N, Ce-
sio, MV, and Heinzen, H (2011). Detection of pesticides in active and depopu-
lated beehives in Uruguay. International journal of environmental research and public
health, 8(10):3844–3858.
Park, W (1925). The storing and ripening of honey by honeybees. Journal of Eco-
nomic Entomology, 18(2):405–410.
Pistorius, J, Brobyn, T, Campbell, P, Forster, R, Lortsch, JA, Marolleau, F, Maus, C,
Lückmann, J, Suzuki, H, Wallner, K, and Becker, R (2012). Assessment of risks
to honey bees posed by guttation. Julius-Kühn-Archiv, 437:199.
Potts, SG, Biesmeijer, JC, Kremen, C, Neumann, P, Schweiger, O, and Kunin, WE
(2010). Global pollinator declines: trends, impacts and drivers. Trends in ecology
& evolution, 25(6):345–353.
174 bibliography
Prentiss, A (2014). Hunter-Gatherers, Archaeology of. In Smith, C (ed.), Encyclope-
dia of Global Archaeology, pp. 3587–3592. Springer New York.
R Core Team (2014). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.
Reetz, JE, Zühlke, S, Spiteller, M, and Wallner, K (2011). Neonicotinoid insecticides
translocated in guttated droplets of seed-treated maize and wheat: a threat to
honeybees? Apidologie, 42(5):596–606.
Rembold, H (1980). Characterization of postembryonic developmental stages of
the female castes of the honey bee, Apis mellifera L. Apidologie, 11(1):29–38.
Rickwood, D (1983). Iodinated density gradient media: a practical approach. 3 ed. Ox-
ford University Press, USA.
Rieth, JP and Levin, MD (1988). The repellent effect of two pyrethroid insecticides
on the honey bee*. Physiological Entomology, 13(2):213–218.
Roberts, WC and Taber, S (1965). Egg-Weight Variance in Honey Bees. Annals of
the Entomological Society of America, 58(3):303–306.
Robinson, GE (1992). Regulation of division of labor in insect societies. Annual
Rreview of Entomology, 37(1):637–665.
Rortais, A, Arnold, G, Halm, MP, and Touffet-Briens, F (2005). Modes of honeybees
exposure to systemic insecticides: estimated amounts of contaminated pollen
and nectar consumed by different categories of bees. Apidologie, 36(1):71–83.
Rösch, GA (1927). Über die Bautätigkeit im Bienenvolk und das Alter der Baubi-
enen. Journal of Comparative Physiology A: Neuroethology, Sensory, Neural, and Be-
havioral Physiology, 6(2):264–298.
Rosenkranz, P, Aumeier, P, and Ziegelmann, B (2010). Biology and control of Varroa
destructor. Journal of invertebrate pathology, 103:96–119.
Roulston, T and Cane, JH (2000). Pollen nutritional content and digestibility for
animals. Plant Systematics and Evolution, 222(1-4):187–209.
Ruttner, F et al. (1988). Biogeography and taxonomy of honeybees. Springer Berlin
Heidelberg.
Sakagami, SF and Fukuda, H (1968). Life tables for worker honeybees. Researches
on population ecology, 10(2):127–139.
Sandeman, DC, Heilmann, HR, and Tautz, J (2008). The buzz about bees: biology of a
superorganism. Springer.
bibliography 175
Schmickl, T and Crailsheim, K (2001). Cannibalism and early capping: strategy of
honeybee colonies in times of experimental pollen shortages. Journal of Compara-
tive Physiology A, 187(7):541–547.
Schmickl, T and Crailsheim, K (2002). How honeybees (Apis mellifera L.) change
their broodcare behaviour in response to non-foraging conditions and poor
pollen conditions. Behavioral Ecology and Sociobiology, 51(5):415–425.
Schmickl, T and Crailsheim, K (2004). Inner nest homeostasis in a changing envi-
ronment with special emphasis on honey bee brood nursing and pollen supply.
Apidologie, 35(3):249–263.
Schmidt, JO and Buchmann, SL (1985). Pollen digestion and nitrogen utilization by
Apis mellifera L. (Hymenoptera: Apidae). Comparative Biochemistry and Physiology
Part A: Physiology, 82(3):499–503.
Schmuck, R, Schöning, R, Stork, A, and Schramel, O (2001). Risk posed to hon-
eybees (Apis mellifera L, Hymenoptera) by an imidacloprid seed dressing of sun-
flowers. Pest management science, 57(3):225–238.
Schwarzenbach, RP, Gschwend, PM, and Imboden, DM (2005). Environmental or-
ganic chemistry. John Wiley & Sons, Ltd, Chichester, UK.
Seeley, T and Morse, R (1976). The nest of the honey bee (Apis mellifera L.). Insectes
Sociaux, 23(4):495–512.
Seeley, TD (1982). Adaptive significance of the age polyethism schedule in honey-
bee colonies. Behavioral Ecology and Sociobiology, 11(4):287–293.
Seeley, TD (1985). Honeybee ecology: a study of adaptation in social life. Princeton
University Press.
Seeley, TD (1989). The honey bee colony as a superorganism. American Scientist,
pp. 546–553.
Seeley, TD (1995). The wisdom of the hive: the social physiology of honey bee colonies.
Harvard University Press.
Seeley, TD (1997). Honigbienen: im Mikrokosmos des Bienenstocks. Springer Basel AG.
Shawki, MA, Titeˇra, D, Kazda, J, and Kohoutková, J (2006). Toxicity to Honeybees
of water guttation and dew collected from winter rape treated with Nurelle D®.
Plant Protection Science, (1):9–14.
Simone-Finstrom, M and Spivak, M (2010). Propolis and bee health: the natural
history and significance of resin use by honey bees. Apidologie, 41(3):295–311.
176 bibliography
Škerl, MIS, Kmecl, V, and Gregorc, A (2010). Exposure to pesticides at sublethal
level and their distribution within a honey bee (Apis mellifera) colony. Bulletin of
environmental contamination and toxicology, 85(2):125–128.
Sladen, F (1912). How Pollen is Collected by the Honey-bee. Nature, 88:586–587.
Slessor, KN, Winston, ML, and Le Conte, Y (2005). Pheromone communication in
the honeybee (Apis mellifera L.). Journal of chemical ecology, 31(11):2731–2745.
Soetaert, K, Petzoldt, T, and Setzer, RW (2010). Solving differential equations in R:
package deSolve. Journal of Statistical Software, 33(9):1–25.
Southwick, EE (1983). The honey bee cluster as a homeothermic superorganism.
Comparative biochemistry and physiology Part A: Physiology, 75(4):641–645.
Stadnicka, J, Schirmer, K, and Ashauer, R (2012). Predicting concentrations of
organic chemicals in fish by using toxicokinetic models. Environmental science &
technology, 46(6):3273–3280.
Staveley, JP, Law, SA, Fairbrother, A, and Menzie, CA (2014). A causal analysis of
observed declines in managed honey bees (Apis mellifera). Human and Ecological
Risk Assessment: An International Journal, 20(2):566–591.
Steffan-Dewenter, I, Potts, SG, and Packer, L (2005). Pollinator diversity and crop
pollination services are at risk. Trends in ecology & evolution, 20(12):651–652.
Stoner, A, Wilson, WT, and Harvey, J (1983). Dimethoate (Cygon): effect of long-
term feeding of low doses on honey bees in standard size field colonies. The
Southwestern Entomologist, 8:174–7.
Straus, J (1911). Die chemische Zusammensetzung der Arbeitsbienen und Drohnen
während ihrer verschiedenen Entwicklungsstadien. Z. Biol, 56:347–397.
Taber, S and Roberts, WC (1963). Egg weight variability and its inheritance in the
honey bee. Annals of the Entomological Society of America, 56(4):473–476.
Tapparo, A, Giorio, C, Marzaro, M, Marton, D, Soldà, L, and Girolami, V (2011).
Rapid analysis of neonicotinoid insecticides in guttation drops of corn seedlings
obtained from coated seeds. Journal of Environmental Monitoring, 13(6):1564–
1568.
Tremolada, P, Bernardinelli, I, Colombo, M, Spreafico, M, and Vighi, M (2004).
Coumaphos distribution in the hive ecosystem: Case study for modeling appli-
cations. Ecotoxicology, 13(6):589–601.
bibliography 177
Tremolada, P, Bernardinelli, I, Rossaro, B, Colombo, M, and Vighi, M (2011). Pre-
dicting pesticide fate in the hive (part 2): development of a dynamic hive model.
Apidologie, 42(4):439–456.
Tremolada, P and Vighi, M (2014). Mathematical Models for the Comprehension
of Chemical Contamination into the Hive. In In Silico Bees, pp. 153–178. CRC
Press.
Tsigouri, AD, Menkissoglu-Spiroudi, U, and Thrasyvoulou, A (2001). Study of
tau-fluvalinate persistence in honey. Pest management science, 57(5):467–471.
Tulloch, A (1970). The composition of beeswax and other waxes secreted by insects.
Lipids, 5(2):247–258.
US EPA (2014). Substance Registry Services. http://iaspub.epa.gov/. Accessed:
21-11-2014.
Vale, J (1998). Toxicokinetic and toxicodynamic aspects of organophosphorus (OP)
insecticide poisoning. Toxicology letters, 102:649–652.
vanEngelsdorp, D and Meixner, MD (2010). A historical review of managed honey
bee populations in Europe and the United States and the factors that may affect
them. Journal of invertebrate pathology, 103:S80–S95.
Vargas, J (1975). Pesticide degradation. In J Arboric. Presented at international shade
tree conference in Detroit, Michigan p, pp. 232–233.
Villa, S, Vighi, M, Finizio, A, and Serini, GB (2000). Risk assessment for honeybees
from pesticide-exposed pollen. Ecotoxicology, 9(4):287–297.
Visscher, PK (1983). The honey bee way of death: Necrophoric behaviour in Apis
mellifera colonies. Animal behaviour, 31(4):1070–1076.
Visscher, PK (1989). A quantitative study of worker reproduction in honey bee
colonies. Behavioral Ecology and Sociobiology, 25(4):247–254.
Von Frisch, K (1967). The dance language and orientation of bees. Harvard University
Press, Cambridge, MA.
Waller, GD and Barker, RJ (1979). Effects of dimethoate on honey bee colonies.
Journal of Economic Entomology, 72(4):549–551.
Wallner, K (1999). Varroacides and their residues in bee products. Apidologie,
30:235–248.
Weisdorf, JL (2005). From foraging to farming: Explaining the Neolithic revolution.
Journal of Economic Surveys, 19(4):561–586.
178 bibliography
Weiss, MR (2006). Defecation behavior and ecology of insects. Annu. Rev. Entomol.,
51:635–661.
White, JW (1962). Composition of American honeys. 1261. US Dept. of Agriculture.
White Jr, J and Rudyj, O (1978). The protein content of honey. Journal of Apicultural
Research (UK).
Winston, ML (1987). The biology of the honey bee. Harvard University Press.
Witherell, PC (1992a). Other Products of the Hive. In The Hive and the Honey Bee:
A New Book on Beekeeping Which Continues the Tradition of »Langstroth on the Hive
and the Honeybee«. Dadant & Sons, Illinois, US.
Witherell, PC (1992b). Other Products of the Hive. In The Hive and the Honey Bee:
A New Book on Beekeeping Which Continues the Tradition of "Langstroth on the Hive
and the Honeybee". Dadant & Sons, Illinois, US.
World Health Organization (1973). Safe use of pesticides: Twentieth report of the WHO
Expert Committee on Insecticides. World Health Organization, Geneva.
World Health Organization (1990). Public health impact of pesticides used in agriculture.
World Health Organization, Geneva.
Wroe, S, Field, J, Fullagar, R, and Jermin, LS (2004). Megafaunal extinction in the
late Quaternary and the global overkill hypothesis. Alcheringa, 28(1):291–331.
Yoon, JW and Lim, ST (2003). Molecular fractionation of starch by density-gradient
ultracentrifugation. Carbohydrate research, 338(7):611–617.
Yu, S, Robinson, F, and Nation, J (1984). Detoxication capacity in the honey bee,
Apis mellifera L. Pesticide Biochemistry and Physiology, 22(3):360–368.
Zeigler, R and Savary, S (2010). Plant Diseases and the World’s Dependence on Rice.
In The Role of Plant Pathology in Food Safety and Food Security, pp. 3–9. Springer.
Zeuner, FE et al. (1963). A history of domesticated animals. Hutchinson & Co. Ltd.,
London, UK.
bibliography 179
picture credits
Some pictures in this document were obtained under a Creative Commons license:
• Figure 1 by Bob Peterson via flickr, used under CC BY-SA 2.0 / Desaturated
from original
• Figure 2 by Gilles San Martin via flickr, used under CC BY-SA 2.0 / Desatu-
rated from original
• Figure 3 by Gilles San Martin via flickr, used under CC BY-SA 2.0 / Desatu-
rated from original
• Figure 8 by Umberto Salvagnin via flickr, used under CC BY-SA 2.0 / Desat-
urated from original
In January 2015, all pictures were free to be copied and redistributed in any
medium or format, as well as free to adapt, for any purpose, even commercially.
